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ABSTRACT
The p y r o l y s i s  o f  Ind ian  Head l i g n i t i c  c o a l  in  argon, c a r ­
bon monoxide and hydrogen was s tu d ied  to  o b ta in  a k i n e t i c  
model o f  the  p roce ss  and to  de te rm ine  h ea t  e f f e c t s .  A Du 
Pont 910 d i f f e r e n t i a l  scanning c a l o r im e t e r  and a Du Pont 951 
th e rm o g ra v im e t r ic  a n a ly z e r  were u t i l i z e d  to  measure h ea t  e f ­
f e c t s  and w e igh t  l o s s  r e s p e c t i v e l y .
N e i th e r  the s i n g l e - r e a c t i o n  nor the d i s t r i b u t e d  a c t i v a ­
t i o n  energy  p y r o l y s i s  models g e n e ra te d  k i n e t i c  parameters  o f  
g e n e r a l  v a lu e ,  a l though  both  models p r e d i c t e d  p y r o l y s i s  
w e igh t  lo s s  a d e q u a te ly .  A procedure  to  de term ine  the hea t  
o f  p y r o l y s i s  was d e v i s e d ,  r e q u i r in g  the c o l l e c t i o n  and ma­
n ip u l a t i o n  o f  c o a l ,  char,  b lank and c e l l  c a l i b r a t i o n  c a l o r i ­
metry thermograms and a p y r o l y s i s  mass thermogram f o r  each 
hea t  o f  p y r o l y s i s  d e t e r m in a t i o n .  The h ea t  o f  p y r o l y s i s  in 
an i n e r t  atmosphere was determ ined  to  be exotherm ic  in the 
range o f  70 to  110 j / g  o ve r  a range o f  350 to  550 C. L i g ­
n i t e  su b je c t e d  to  400 p s i g  atmospheres o f  carbon monoxide 
and hydrogen e x h ib i t e d  thermograms w ith  d i s t i n c t  exotherm ic  
c h a r a c t e r i s t i c s  above 460 C, which were not observed  under 
i n e r t  a tm ospher ic  c o n d i t i o n s .  P y r o l y t i c  h ea t  e f f e c t s  had 
l i t t l e  i n f lu e n c e  on the i n t e r n a l  h ea t  ba lance  o f  the  U n iv e r ­
s i t y  o f  North Dakota Energy Research C e n t e r ' s  f i x e d - b e d  
s l a g g in g  g a s i f i e r .
X l l
No d e f i n i t i v e  h e a t  o f  p y r o l y i s  v a lu e  was determ ined  under 
any c o n d i t i o n .  However, w ith  exp e r im en ta l  r e f in e m en ts ,  
c h a r a c t e r i s t i c  h e a ts  o f  p y r o l y s i s  o f  d i f f e r e n t  c o a l s  may be 
d e f i n i t i v e l y  measured. A l s o ,  i t  i s  sugges ted  tha t  d i f f e r e n ­
t i a l  c a l o r im e t r y  and mass thermograms, used in tandem, may 
be o f  v a lu e  in d e te rm in in g  v o l a t i l e  mass t r a n s f e r  r a t e s ,  
which would be o f  b e n e f i t  in c o a l  p y r o l y i s  m ode l ing .
x 1 1 1
Chapter I 
INTRODUCTION
Economic c o n d i t i o n s  o f  the  e a r l y  1980's  have c r e a t e d  un­
c e r t a i n t y  in the en ergy  in d u s t r y .  The economic downturn and 
c o n s e r v a t i o n  have caused a drop in t o t a l  en ergy  consumption, 
which by the law o f  supp ly  and demand has r e s u l t e d  in a d e ­
c r ea se  in  energy  p r i c e s .  The once dynamic s y n fu e l  in d u s t ry ,  
" t h e "  in d u s t r y  o f  the  fu tu re  in the  197 0 's, i s  in  c r i t i c a l  
c o n d i t i o n .  These c o n d i t i o n s  a re  b e l i e v e d  to  be o n ly  tempo­
r a r y ,  as the  g l o b a l  p o l i t i c a l  and economic s i t u a t i o n  i s  v o l ­
a t i l e .  With an eye  to  the fu tu re  when s y n fu e l  p r o j e c t s  a re  
once aga in  e c o n o m ic a l l y  f e a s i b l e ,  r e sea rch  con t inu es  on 
North Dakota l i g n i t e  g a s i f i c a t i o n  and l i q u e f a c t i o n  p r o c e s s ­
es .
D i f f e r e n t i a l  scanning c a l o r im e t r y  (DSC) and th e rm o g ra v i -  
m e t r ic  a n a l y s i s  (TGA) were per formed on a Northern  Great 
P la in s  l i g n i t e  ( In d ia n  Head mine, near Zap, in Mercer Coun­
t y ,  North Dakota) t o  de te rm ine  the  h ea t  o f  p y r o l y s i s  and ob­
t a in  a k i n e t i c  d e s c r i p t i o n  o f  the  p y r o l y s i s  p r o c e s s .  ( P y r o ­
l y s i s  may be d e f in e d  as the  thermal c l e a v a g e  or  thermal 
d ecom pos i t ion  o f  a m o l e c u l e . )  The e x p e r im en ta l  c o n d i t i o n s  
i n v e s t i g a t e d  w i th in  the f o l l o w i n g  re sea rch  a t tempted  t o  du­
p l i c a t e  the  p y r o l y s i s  c o n d i t i o n s  o c c u r r in g  in the U n i v e r s i t y
1
2
o f  North Dakota Energy Research C e n t e r ' s  (UNDERC) f i x e d -b e d  
s l a g g in g  g a s i f i e r  as thermal and k i n e t i c  ana ly ses  o f  c o a l  
p y r o l y s i s  would p r o v id e  a b e t t e r  understand ing  o f  the  chemi­
c a l  p r o c e s s e s  o c c u r r in g  dur ing  g a s i f i c a t i o n  and l i q u e f a c ­
t i o n .
T h erm ograv im etr ic  a n a l y s i s  d e te rm ines  the  change in sam­
p l e  mass as a fu n c t io n  o f  t em pera tu re .  D i f f e r e n t i a l  scan­
ning c a l o r im e t r y  i s  a thermal a n a l y s i s  method tha t  measures 
h ea t  f l o w  in t o  o r  out  o f  a sample compared to  an i n e r t  r e f ­
e r en c e .  Scanning im p l ie s  n on - iso th e rm a l  c o n d i t i o n s ;  w i th in  
t h i s  r e s e a rc h  a l i n e a r  h e a t in g  r a t e  was used. With s e v e r a l  
ad justm ents ,  the h ea t  o f  c o a l  p y r o l y s i s  can be determ ined  
from DSC da ta .
Chapter I I  
LITERATURE SURVEY
MATHEMATICAL MODELING OF COAL PYROLYSIS
Because o f  complex decom pos i t ions  and t r a n s p o r t  phenome­
na, c o a l  p y r o l y s i s  i s  not e a s i l y  d e s c r ib e d  by mathematica l  
models .  Surveys on c o a l  p y r o l y s i s  model ing have been assem 
b le d  by Howard (1 )  1 and by Essenhigh (2^). Essenhigh has 
c l a s s i f i e d  p y r o l y s i s  models in to  the f o l l o w i n g  groups :
1. S in g l e  r e a c t i o n ,  where c o a l  decomposes in t o  s o l i d
r e s id u e  and v o l a t i l e s ,  in c lu d es  n th -o rd e r  A rrhen ius  
and non-Arrhen ius  r e a c t i o n s ;
2. M u l t i p l e  p a r a l l e l  r e a c t i o n s ,  which a l s o  assumes c o a l  
decomposes i n t o  s o l i d  r e s id u e  and v o l a t i l e s ,  but o f  
v a r io u s  components;
3. M u l t i p l e  competing r e a c t i o n s ;
4. Complex schemes, which t h e o r i z e  th a t  the  c o a l  passes  
through m e ta p la s t ,  semicoke or  a c t i v a t e d  c o a l  s ta g e s  
and
5. Schemes i n v o l v i n g  secondary  ch a r - fo rm in g  r e a c t i o n s .
1 Numbers u n d e r l in ed  and in  pa ren th eses  deno te  r e f e r e n c e s  
c i t e d  in  Appendix F.
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The scope o f  t h i s  r e s e a rc h  in c lu d es  o n ly  s i n g l e  and m u l t ip l e  
p a r a l l e l  r e a c t i o n  models,  because o n ly  th e rm og ra v im e t r ic  
data  i s  r e q u i r e d  t o  e v a lu a t e  these  models.
F i r s t - o r d e r  Arrhen ius  s i n g l e - r e a c t i o n  models have been 
proposed by many authors  t o  d e s c r i b e  the p y r o l y s i s  p rocess  
( 2 ' 4 , 5 , 6 )  but these  models a re  o n ly  v a l i d  o ve r  small  l im i t e d  
ranges o f  tem pera ture  or under v e r y  s p e c i f i c  c o n d i t i o n s .  
F i r s t - o r d e r  s i n g l e - r e a c t i o n  models p r o v id e  adequate d e s c r i p ­
t i o n s  o f  the  p y r o l y s i s  p ro c e s s  i f  they  a re  a p p l i e d  f o r  
i s o th e rm a l  c o n d i t i o n s  ( 7 ) .  A more d e s c r i p t i v e  p y r o l y s i s  
model i s  ob ta in ed  i f  no s p e c i f i c  o rd e r  i s  assumed f o r  the 
Arrhen ius  s i n g l e - r e a c t i o n  e q u a t io n .  The o rd e r  has been 
found t o  v a ry  from 2 t o  8 ( 8 ) .
A p o w e r fu l  approach, which assumes m u l t ip l e  r e a c t i o n s  
w i th  d i s t r i b u t e d  a c t i v a t i o n  e n e r g i e s ,  has been d e r i v e d  by 
Anthony and Howard ( 9 ) .  Th is  model has been a l t e r e d  to  ap­
p l y  t o  p y r o l y s i s  under a l i n e a r  h e a t in g  r a t e ,  r e s u l t i n g  in 
adequate mathemat ica l  d e s c r i p t i o n s  o f  e x p e r im en ta l  data  
( 1 0 , 1 1 ) .
HEAT OF COAL PYROLYSIS DETERMINATION
Only l i m i t e d  e x p e r im en ta l  work has been done in d e te rm in ­
ing h ea t  o f  c o a l  p y r o l y s i s .  Raw DSC output cu rves  have been 
ge n e ra te d  f o r  b ituminous c o a l  ( 12 ) and output cu rve  a d ju s t ­
ments f o r  e m i s s i v i t y  and b a s e l i n e  e f f e c t s  have been execu ted
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by Hathi and S l i e p c e v i c h  ( ^ 3 ) .  D i f f e r e n t i a l  scanning c a l o ­
r im e t r y  has been used w ith  good success  in d e te rm in in g  spe ­
c i f i c  h ea ts  o f  c o a l  . Heats o f  p y r o l y s i s  and h yd rop y ro ­
l y s i s  w i th  s p e c i f i c  h ea t  and mass l o s s  e f f e c t s  e l im in a t e d  
have been de term ined  f o r  a number o f  c o a l  types  ( 1 5 , 1 6 ) .  
However, the  q u a n t i t a t i v e  e v a lu a t i o n  was accompl ished by a v ­
e r a g in g  two h ea t  f l o w  va lu es  a t  50 C° i n t e r v a l s  r a th e r  than 
a t  one d eg re e  i n t e r v a l s  used w i th in  the  f o l l o w i n g  r e s e a rc h .  
The use o f  a one d eg re e  i n t e r v a l  g i v e s  a more p r e c i s e  t h e r ­
mogram .
THEORY OF COAL PYROLYSIS MODELING
C h a p te r  I I I
During thermal d ecom pos i t ion ,  the o rg a n ic  c o a l  substance 
undergoes a many independent r e a c t i o n s  (_7) . The temperature  
r e q u i r e d  t o  th e rm a l l y  c l e a v e  bonds w i th in  c o a l  m a t e r i a l  i s  
w id e l y  v a r i a b l e  because o f  a l a r g e  a r r a y  o f  s t r u c t u r a l  types  
and fu n c t i o n a l  groups .  T h e r e f o r e ,  s e v e r a l  s i m p l i f y i n g  a s ­
sumptions must be made in any c o a l  p y r o l y s i s  model ing th eo ry  
because o f  complex d e c om p os i t i o n a l  and t r a n s p o r t  p r o c e s s e s .
The o v e r a l l  p roce ss  has been approx imated as a f i r s t - o r d e r
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d ecom pos i t ion  by the f o l l o w i n g  equ a t ion  :
I f  the  r a t e  c on s ta n t ,  k, i s  de term ined  as a fu n c t io n  o f  
tem pera ture  by an Arrhen ius  e x p r e s s io n :
d V / d t= -k (V * -V ) . (1 )
k=kQ e x p ( - E / R T ) , (2 )
the f o l l o w i n g  equ a t ion  r e s u l t s :
dV/dt=-kQ exp (-E/RT )  ( V * - V ) . (3 )
R e f e r  t o  Appendix A f o r  d e f i n i t i o n s  o f  v a r i a b l e s .
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Another  approach t o  p y r o l y s i s  model ing has been not t o  a s ­
sume any s p e c i f i c  o rd e r  o f  r e a c t i o n  as in :
dV/dt=kQ exp (-E/RT )  ( ( V * - V ) / V * ) n . (4 )
When n i s  g r e a t e r  than two, i t  i s  p r e f e r a b l e  t o  c o n s id e r  n 
to  be the  o rd e r  o f  the  p roce ss  r a th e r  than the o rd e r  o f  the  
r e a c t i o n  ( 8 ) .
A m u l t i p l e  p a r a l l e l  r e a c t i o n  model d ev e lop ed  by Anthony 
and Howard ( _1_7) t o  c o r r e l a t e  o v e r a l l  w e igh t  l o s s  t o  p y r o l y ­
s i s  da ta  assumes a s t a t i s t i c a l  a c t i v a t i o n  energy  d i s t r i b u ­
t i o n .  In  the d e r i v a t i o n  o f  t h i s  model, each s p e c i f i c  p rod ­
u c t ,  i ,  i s  assumed t o  have a d i f f e r e n t  a c t i v a t i o n  energy ,  
r e s u l t i n g  in the v a r i a t i o n  o f  Equation 3 as :
dV ./d t  = ko . ( e x p ( - E o ./ R T ) ) ( V * - V . ) . (5 )
In cases  where the tempera ture  in c r e a s e s  l i n e a r l y  (dT/d t=m ) , 
the  i n t e g r a t i o n  o f  Equation 5 may be approx imated to  g i v e
V*-V. -k .RT2 -E.
= e x p((— ------ ) e x p ( — i ) ) .
V. mE. RTl  l
Th is  approx im at ion  i s  v a l i d  when E/RT i s  much g r e a t e r  than 
u n i t y .  The a c t i v a t i o n  en e rgy  must be n u m e r ic a l l y  e va lu a ted  
t o  de te rm ine  whether the  p r e v io u s  approx im at ion  i s  a p p l i c a ­
b l e  .
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To s im u la te  the wide range o f  a c t i v a t i o n  e n e r g i e s  e x h ib ­
i t e d  by the  many r e a c t i o n  schemes and numerous p roducts  gen ­
e r a t e d  by c o a l  thermal  decompost ion ,  a Gaussian d i s t r i b u t i o n  
o f  th e  a c t i v a t i o n  e n e r g i e s  may be assumed where
f ( E )  =
a ( 2 x )1/2
- (E -E  )Z , o '
e x p ( ------- ^— ) •
2 a (7 )
By i n t e g r a t i n g  Equation  6 f o r  a l l  p o s s i b l e  v a lu es  o f  E us ing 
the d i s t r i b u t i o n  fu n c t io n  p re s en ted  in Equation 7, and a s ­
suming the f r equency  f a c t o r ,  k . , i s  equa l  t o  k f o r  a l lo i  o
components i ,  the t o t a l  v o l a t i l e  matter  r e l e a s e d  from a l l
r e a c t i o n s  can be o b ta in ed  from the  equ a t ion
00
v*-v 1 C  -k RT -E (E-E ) 2
— ; -  = “  I/O I e x P( ( ---------) e x p ( — )  -------1—  ) dE ( 8 )
V a (2n) ' J o mE RT 2°
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Four k i n e t i c  pa ram eters ,  V , Eq , a and kQ, a re  needed to  a l ­
low c o r r e l a t i o n  o f  c o a l  p y r o l y s i s  da ta .
Coal p y r o l y s i s  model ing i s  o f  v a lu e  in the d e s ig n  and d e ­
ve lopment o f  c o a l  c o n v e rs io n  p r o c e s s e s .  The s i n g l e -  and 
m u l t i p l e  r e a c t i o n  f i r s t - o r d e r  r e a c t i o n s ,  Equat ions 4 and 8 
r e s p e c t i v e l y ,  may be e v a lu a te d  u t i l i z i n g  tem pera tu re -depen -  
dent  w e igh t  l o s s  d a ta .  Therm og rav im etr ic  a n a l y s i s  is  a sim­
p l e  and a ccu ra te  method o f  o b t a in in g  the d e s i r e d  w e igh t  lo s s
d a t a .
METHODS FOR THERMAL ANALYSIS
The two methods o f  thermal  a n a l y s i s  used dur ing  the 
course  o f  t h i s  r e sea rch  were th e rm ograv im e tr ic  a n a ly s i s  and 
d i f f e r e n t i a l  scanning c a l o r im e t r y .
THERMOGRAVIMETRIC ANALYSIS
Thermograv ime t r i e  a n a ly s i s  r e c o rd s  th e  change in sample 
mass as a fu n c t i o n  o f  tem pera tu re .  The th r e e  types  o f  TGA 
are  i s o th e rm a l  thermograv ime t r  i c , where the sample mass is  
measured as a fu n c t io n  o f  t im e ;  q u a s i s t a t i c  thermograv ime­
t r y ,  in  which the sample is  h ea ted  to a con s tan t  mass a t  a 
s e r i e s  o f  s t ep w is e  in c r e a s in g  t em p era tu res ;  and dynamic 
the rm ograv im etry ,  in which the sample is  h ea ted  a t  a p r e d e t ­
ermined r a t e ,  u s u a l l y  l i n e a r  (1_8). Dynamic therm ograv im etry  
was used e x c l u s i v e l y  in th is  r e s e a r c h .  TGA lends  i t e l f  t o  
qu ick  p rox im ate  a n a l y s i s  o f  c o a l ,  a c c u r a t e l y  concurr ing  w ith  
data  ob ta in ed  us ing the American S o c i e t y  o f  T e s t in g  and Ma­
t e r i a l s  ( ASTM) s p e c i f i c a t i o n s  (3^9). The TGA da ta  was used 
in the  p r e s e n t  r e s e a rc h  to  d e te rm ine  which mathematica l  mod­
e l  b e s t  d e s c r i b e s  th e  p y r o l y s i s  p ro c e s s  and as an adjustment 
f a c t o r  in measuring the h e a t  o f  p y r o l y s i s .
C h a p te r  IV
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A Du Pont 951 Therm og rav im etr ic  A n a ly ze r  Module was used 
to  measure the mass and the r a t e  o f  mass change o f  l i g n i t e .  
The a n a ly z e r  o p e ra t e s  on a n u l l - b a la n c e  p r i n c i p l e  w i th  the 
ba lance  beam main ta ined  in  a h o r i z o n t a l  p o s i t i o n  by an o p t i ­
c a l l y  ac tu a ted  s e r v o  loop  (2_0). The module, shown in F igu re  
1 , c o n s i s t s  o f  th r e e  u n i t s :  the  ba lance  assembly,  the f u r ­
nace assembly, and the c a b in e t  assembly.  The ba lance  assem­
b l y  in  F igu re  1 has been moved to  the r i g h t  to  r e v e a l  the  
qu ar t z  ba lance  rod, p la t inum  sample boa t  and chrome1-a lum el  
sample thermocouple .  A p l a t i n e l  I I  c o n t r o l  thermocouple  in 
the fu rnace  w a l l  m on ito rs  furnace  tem pera ture .  The c a b in e t  
assembly con ta in s  the  e l e c t r o n i c  c i r c u i t s  f o r  the ba lance  
o p e r a t in g  c o n t r o l s .  The sample thermocouple and the p l a t i ­
num boa t  a re  in c l o s e  p r o x im i t y  but do not touch. With th i s  
arrangement,  i t  has been p r e v i o u s l y  a s c e r t a in e d  tha t  th e re  
i s  not  a s i g n i f i c a n t  temperature  g r a d i e n t  between the sample 
and the thermocouple a t  a tm ospher ic  p r essu re  ( 1 5 ) .
During e x p e r im e n ta t io n ,  the p la t inum  boa t  and sample are 
t i g h t l y  con ta in ed  w i th in  the  fu rnace  and q u a r t z  tube.  The 
i n l e t  gas e n t e r s  on the r i g h t  a t  a tm ospher ic  p r essu re  from a 
p r e s s u r i z e d  gas c y l i n d e r  and f l o w s  through the c o u n t e r - b a l ­
ance appara tus ,  through the ba lance  hous ing ,  around the sam­
p l e  boa t  and e x i t s  a t  the tapered  end on the f a r  l e f t .  A Du 
Pont 990 Thermal A n a ly z e r ,  p i c tu r e d  in F igu re  2, was used to  





Two d i f f e r e n t  typ es  o f  instruments  a re  commonly r e f e r r e d  
to  as d i f f e r e n t i a l  scanning c a l o r im e t e r s .  The " c l a s s i c a l "  
DSC m a in ta ins  th e  sample and a r e f e r e n c e  m a t e r i a l  a t  con­
s ta n t  tem pera tures  r e l a t i v e  to  each o th e r  by in d i v i d u a l  ap­
p l i c a t i o n  o f  e l e c t r i c a l  en e rg y .  Both sample and r e f e r e n c e  
are  h ea ted  or c o o le d  a t  some known l i n e a r  r a t e .  The curve  
thus ob ta in ed  i s  a r e c o r d in g  o f  h ea t  f l o w ,  dH/dt, as a func­
t i o n  o f  t em pera tu re .  Th is  t y p e  o f  DSC i s  a " n u l l - b a l a n c e "  
instrument  ( 2 1 ) .  The o th e r  instrument o p e ra t e s  on the p r i n ­
c i p l e  tha t  the  temperature  d i f f e r e n c e  between the sample and 
r e f e r e n c e  m a t e r i a l s ,  hea ted  j o i n t l y ,  i s  p r o p o r t i o n a l  t o  the 
change in  en th a lp y  o f  the  sample.  Th is  system, employed 
dur ing  t h i s  r e s e a rc h ,  is  b a s i c a l l y  a m od i f i e d  v e r s i o n  o f  
d i f f e r e n t i a l  thermal  a n a l y s i s  ( DTA) ( 2 1 ) .
For d e te rm in in g  the h ea t  o f  p y r o l y s i s ,  a Du Pont 910 DSC 
system was u t i l i z e d .  F ig u re  3 p o r t r a y s  the  910 DSC w i th  a 
mounted p r e s su re  c e l l .  The 910 c e l l  base was i n t e r f a c e d  
w ith  a Du Pont 1090 Thermal A n a ly ze r ,  p i c tu r e d  in F igu re  4. 
The Du Pont 1090 c o n t r o l l e d  the  a p p l i c a t i o n  o f  h e a t  to  the 
samples t o  co rrespond  w ith  the d e s i r e d  h e a t in g  r a t e  and a l s o  




The DSC c e l l  c o n s i s t s  o f  a s i l v e r  h e a t in g  b lo c k ,  capped 
w ith  a s i l v e r  ven ted  l i d ,  e n c lo s in g  a cons tan tan  d i s c .  The 
sample i s  p la c ed  in  an aluminum pan which s i t s  on a r a i s e d  
p o r t i o n  o f  the  d i s c .  Heat i s  t r a n s f e r r e d  through the con­
s tan tan  d i s c  to  both  the sample and r e f e r e n c e  pans. The 
temperatures  o f  the  pans a re  monitored by chrome1-cons tan tan  
area  thermocouples formed a t  the  ju n c t io n s  o f  the  cons tantan  
d i s c  and the chromel w a fe r s  welded to  the unders ide  o f  the  
two r a i s e d  p o r t i o n s  o f  the d i s c .
The DSC system o p e ra t e s  on the p r i n c i p l e  tha t  the  energy  
e v o l v e d  or absorbed by a sample may be determ ined  from the 
temperature d i f f e r e n c e  between the sample and a th e rm a l ly  
i n e r t  r e f e r e n c e ,  when the two a re  h ea ted  j o i n t l y .  Heats o f  
r e a c t i o n  a re  c a l c u l a t e d  from ( 1 3 ) :
The term, ^T ( g h g ) / i s c o n t in u ou s ly  reco rded  by DSC systems. 
DTA systems d i f f e r  in th a t  o n ly  AT i s  r e p o r t e d ,  as the  term
S ince  the c e l l  c a l i b r a t i o n  c o e f f i c i e n t  is  a fu n c t io n  o f  
tem pera ture ,  i t s  v a lu e  must be determ ined o ve r  the e n t i r e  
temperature  range,  which i s  accompl ished  by h e a t in g  a 
weighed sapph ire  (aluminum o x id e )  d i s c  under i d e n t i c a l  con ­
d i t i o n s  as those  e x p e r i e n c e d  by the l i g n i t e  samples. Know­
ing  the r e f e r e n c e  cu rve  e x h ib i t e d  by two empty pans, the
( 9 )
(9hg)  i s  not  c o n s ta n t .
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c a l i b r a t i o n  c o e f f i c i e n t  may be de term ined  us ing  the f o l l o w ­
ing  equa t ion  ( 1 5 ) :
Ec =(CpmM)/(K AY) (10 )
Heat c a p a c i t y  v a lu es  o f  sapph ire  a t  1 atm and d i f f e r e n t  
tem pera tures  a re  a v a i l a b l e  from l i t e r a t u r e  (2_2). I t  has 
been assumed th a t  the  h ea t  c a p a c i t y  o f  sapph ire  does not  
v a ry  s i g n i f i c a n t l y  w ith  p r e s s u re ,  which i s  g e n e r a l l y  t ru e  
f o r  s o l i d s .  A computer program r e l a t i n g  the c e l l  c a l i b r a ­
t i o n  c o e f f i c i e n t ,  ECf to  temperature  is  l i s t e d  in Appendix 
D.
EXPERIMENTAL PROCEDURE
U lt im a te  and prox im ate  an a ly s e s ,  l i s t e d  in Table  1, have 
been per formed on the d i f f e r e n t  Indian Head mesh samples us­
ing  ASTM standard p rocedu res  ( 2 3 ) .
THERMOGRAVIMETRIC ANALYSIS
Therm ograv im etr ic  an a ly ses  were per fo rm ed  on Ind ian Head 
l i g n i t e  samples under the c o n d i t i o n s  s p e c i f i e d  in Table  1, 
u t i l i z i n g  the Du Pont 951 T h erm ograv im etr ic  A n a ly z e r .  The 
TGA mass b a lan ce  i s  z e ro ed  under c o n d i t i o n s  i d e n t i c a l  t o  
those  under which the sample is  weighed.  A f t e r  the  sample 
has been loaded and and the mass has been re corded ,  the p r i ­
mary pen r e c o r d e r  o f  the  990 Thermal A n a ly ze r  i s  s e t  to  100 
wt% to  correspond to  the o r i g i n a l  w e ig h t  f r a c t i o n .  The d e ­
r i v a t i v e  pen r e c o r d e r  is  s e t  to  an a r b i t r a r y  f r a c t i o n a l ,  
l i n e .  The system then commences a 20 C°/min h e a t in g  r a t e  up 
t o  250°C, whereupon the  p r im ary  r e c o r d e r  is  r e s e t  to  a 100 
wt% b a s is  and the sample is  h ea ted  a t  the  d e s i r e d  r a t e  up to  
1000°C. The r e c o r d in g  b a s i s  is  changed so as t o  p l a c e  a l l  
samples on a m o i s t u r e - f r e e  b a s i s .  A d e s c r i p t i o n  o f  the  TGA 
run c o n d i t i o n s  is  l i s t e d  in Tab le  2. Comparative p y r o l y s i s  
c o n d i t i o n s  in  the UNDERC f i x e d - b e d  s l a g g in g  g a s i f i e r  a re  a
C h a p te r  V
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1/4 to  3/4 inch p a r t i c l e  s i z e ,  a 30 to  40 C°/min h e a t in g  
r a t e ,  300 or  400 p s i g  p r essu re  and an o u t l e t  gas com pos i t ion  
o f  29% H2/ 54% co, 6% CH4 and 9.5% C02 ( 2 4 ) .
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Prox im ate  and U l t im a te  Ana lyses  o f  Ind ian  Head L i g n i t e
TABLE 1
T y p i c a l  UNDERC
Mesh S i z e  ( T y l e r )  -8 -28 -100 G a s i f i e r  Feed
+14 +48 +200
Prox imate  A n a ly s is
As R ece ived  ( wt% )
Mo is ture 34.8 33.1 26.7 30.6
Ash 4.5 5.5 5.9 6.4
V o l a t i l e  Matter 27.5 27 .4 28 .6 29.2
F ix ed  Carbon (by d i f f ) 33.2 34.0 38 .8 33.1
Dry Basis  ( wt%)
Ash 6.9 8.2 8.1 9.2
V o l a t i l e  Matter 42.2 41.0 39.0 42.1
F ix ed  Carbon (by d i f f ) 50.9 50.8 52.9 47.7
U l t im a te  A n a ly s is  
As Rece ived  ( wt% )
Moisture 34.8 33.1 26.7 30.6
Carbon 41.52 43.68 47.57 45.7
Hydrogen 2.60 2.48 2.18 3.0
N i t r o g e n 0.66 0.69 0.81 0 .90
S u l fu r 0.37 0.38 0.51 0 .4
Ash 4.5 5.5 5.9 6.4
Oxygen (by  d i f f ) 15.6 14.2 16.3 13 .0
Dry Basis  ( wt%)
Carbon 63.68 65.29 64.90 65.9
Hydrogen 3.99 3.71 2.97 4.3
N i t r o g e n 1.01 1 .03 1.11 1 .3
S u l fu r 0.57 0.57 0.68 0.6
Ash 6 .9 8.2 8 .0 9.2
Oxygen (by  d i f f ) 23.93 21 .2 22.2 18.7
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C on d i t ion s  f o r  Therm ograv im etr ic  A n a ly s is
TABLE 2
Ind ian  Head l i g n i t e ,  ambient p r essu re
Mesh Heat ing  Mass Gas Flow Number
S iz e  Atmosphere Rate Load Rate o f
( T y l e r )  (C°/min) (mg) (cm^/min) T e s ts
- 2 8 + 4 8  Ar 5
- 2 8 + 4 8  Ar 20
-  28 + 48 Ar 50
- 2 8 + 4 8  Ar 100
-100 +200 Ar 20
-100 +200 Ar 50
- 8 + 1 4  Ar 20
- 8 + 1 4  Ar 50
- 2 8 + 4 8  Ar 20
- 2 8 + 4 8  Ar 50
-  28 + 48 Ar 20
-  28 + 48 Ar 50
-  28 + 48 Ar 20
-  28 + 48 Ar 50

















30 50 228 +
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DIFFERENTIAL SCANNING CALORIMETRY
Ind ian  Head l i g n i t e  samples o f  T y l e r  mesh s i z e s  -8 +14, 
-28 +48 and -100 +200 were f r e e z e - d r i e d  by a Labconco 
f r e e z e - d r i e r  to  m oisture  c o n ten ts  o f  7.7%, 4.5% and 5.2%, 
r e s p e c t i v e l y ,  as determ ined  by TGA a n a l y s i s .  A sample o f  
ap p rox im a te ly  10 mg was weighed, using a Cahn m icroba lance ,  
in to  a Du Pont aluminum p ressu re  DSC pan. An i n t e r l o c k in g  
co ve r  was p la c e d  o ve r  the sample and pan, and th i s  combina­
t i o n  was cr imped in an en ca p su la t in g  p r e s s .  Crimped pans 
p r o v id e  b e t t e r  thermal c o n ta c t  w i th  thermocouples ,  thus r e ­
ducing thermal  g r a d i e n t s .  Small h o l e s  a re  punched in to  the 
c o v e r  to  assure  sample c o n ta c t  w i th  the atmosphere in the 
c e l l .
Crimped sample and r e f e r e n c e  pans were p la c ed  on the 
thermocouples ,  the system purged w ith  the d e s i r e d  gas ,  pres  
s u r i z e d  i f  n e cessa ry ,  hea ted  to  50°C and h e ld  i s o th e r m a l l y  
f o r  f i v e  minutes b e f o r e  h e a t in g  commenced a t  the  d e s i r e d  
r a t e .  During the run, the in t e r f a c e d  Thermal A na ly ze r  r e ­
c e i v e d  the tem pera ture ,  t ime and h ea t  f lo w  r ead in g s  o f  the  
sample a t  a programmed i n t e r v a l  o f  two seconds and s to red  
these  data t r i p l e t s  on d i s c .  A f t e r  a t t a i n i n g  a temperature 
o f  600°C in  carbon monoxide or argon  atmospheres o r  a pp rox i  
m ate ly  560°C under a hydrogen atmosphere, the system was a l  
lowed t o  c o o l  and the sample pan was weighed to  de te rm ine  
the amount o f  c o a l  char rem a in ing .  Th is  char sample was
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aga in  run under the  i d e n t i c a l  p rocedure  as the  o r i g i n a l  sam­
p l e .  A t a b u la t i o n  o f  the  DSC a n a ly s i s  c o n d i t i o n s  is  shown 
in Tab le  3.
TABLE 3
C on d i t ion s  f o r  D i f f e r e n t i a l  Scanning C a lo r im e t r y  A n a ly s is
Argon, Ind ian  Head l i g n i t e ,  ambient p r essu re
Mesh 
S i z e  







-  8 + 1 4 20 2
-  8 + 1 4 50 2
- 2 8 + 4 8 20 5
- 2 8 + 4 8 50 2
-100 +200 20 2
-100 +200 50 2
Ind ian  Head l i g n i t e , -28 +48 T y l e r  mesh, 400 p s ig  p ressure
Atmosphere
H eat ing








H 2 50 2
DSC DATA REDUCTION PROCEDURE
The procedure  f o r  d e te rm in in g  the h e a t  o f  p y r o l y s i s  is  
r a th e r  complex and r e q u i r e s  a computer program which is  
l i s t e d  in  Appendix D. The data r e d u c t ion  p rocedure  is  s che ­
m a t i c a l l y  r e p re s e n te d  in F igu re  5 and d e t a i l e d  sample c a l c u ­
l a t i o n s  a re  p r o v id e d  in Appendix E.
In the computer program, the b a s e l i n e  read ings  from the  
empty cr imped pan a re  su b t ra c ted  from the  p y r o l y s i s  and char 
m i l l i w a t t  power r e a d in g s .  Th is  s t ep  supposed ly  e l im in a t e s  
any e f f e c t  a b a s e l i n e  s h i f t  had on the o r i g i n a l  d a ta .  The 
s u b t r a c t i o n  i s  accom pl ished  by rounding each temperature to 
the n ea re s t  d e g r e e ,  dropp ing  any e x t ra  data t r i p l e t s  a t  each 
temperature  caused by rounding, and s u b t ra c t in g  the c o r r e ­
sponding m i l l i w a t t  r e a d in g s  from each o th e r .  The tempera­
tu re  rounding does no cause any a p p r e c ia b l e  e r r o r ,  as the  
m i l l i w a t t  r e a d in g s  do not v a ry  s i g n i f i c a n t l y  o ve r  one d e ­
g r e e .
The next  s t ep  i s  a s imple  d i v i s i o n  o f  the  power data  by 
the co r r esp on d in g  measured mass o f  c o a l  o r  char and m u l t i ­
p l i c a t i o n  by ten m i l l i g r a m s  t o  put both  data  s e t s  on the 
same o r i g i n a l  mass b a s i s .  Th is  s t ep  in c r e a s e s  the  m i l l i w a t t
C h a p te r  V I
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F ig u re  5: Schematic DSC Data Reduction  Procedure  Diagram
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va lu es  in  the char da ta  s e t  by about 70%, but has l i t t l e  e f ­
f e c t  on the  p y r o l y s i s  v a lu e s .  The next  s tep  d i v i d e s  th e  p y ­
r o l y s i s  h e a t  f l o w  by the ins tan taneous  mass f r a c t i o n  o f  
n on -p y ro ly z ed  l i g n i t e .  Th is  r e s u l t s  in a h ea t  f l o w  c o r r e ­
sponding to  a moving b a s i s  o f  10 m i l l i g ra m s  o f  p y r o l y z in g  
c o a l  throughout  the  temperature  spectrum. The w e igh t  f r a c ­
t i o n  a t  each temperature  or TGA f r a c t i o n  has been c u r v e - f i t ­
t ed  to  a fu n c t io n  expressed  as
TGA f r a c t i o n  = f ( S ,  S2, S3 . . . S 8 , T 1/ 2 , LOG( T ) ) ,  (11 )
where S=T/100. Th is  c u r v e - f i t t i n g  program is  l i s t e d  in Ap­
pend ix  D.
The nex t  s t e p  su b t ra c t s  th e  char m i l l i w a t t  v a lu es  from 
the  co r r esp on d in g  p y r o l y s i s  v a lu e s .  The assumption f o r  th i s  
o p e r a t i o n :  char and f r e e z e - d r i e d  l i g n i t e  have  v e r y  n e a r l y
the same h ea t  c a p a c i t i e s ,  i s  r eason ab ly  accura te  ( 1 5 ) .
These new power r e ad in g s  a re  now a d ju s ted  by m u l t i p l i c a t i o n  
o f  the  tem pera ture -dependen t  c e l l  c a l i b r a t i o n  c o e f f i c i e n t .  
The tem pera ture -dependen t  c e l l  c a l i b r a t i o n  c o e f f i c i e n t  has 
a l s o  been c u r v e - f i t t e d  in the manner p r e v i o u s l y  a p p l i e d  to 
the TGA f r a c t i o n ,  us ing a program l i s t e d  in Appendix D.
Th is  s t e p  could have been execu ted  p r e v i o u s l y ,  but was done 
a t  t h i s  p o in t  to  m in imize the number o f  o p e r a t i o n s .  F i n a l ­
l y ,  the  h e a t  f l o w  v a lu e s  a re  r e a d ju s te d  us ing  the TGA f r a c ­
t i o n .  Th is  p l a c e s  th e  data  s e t  back to  an o r i g i n a l  l i g n i t e  
b a s i s .  F a i l u r e  to  r e a d ju s t  would r e s u l t  in a data s e t  in 
which the o r i g i n a l  mass in c r e a s e s  as tempera ture  in c r e a s e s .
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One s i m p l i f i c a t i o n  o f  t h i s  da ta  r e d u c t ion  program is  th a t  
o n ly  the  t ime v a lu e  from th e  p y r o l y i s  da ta  s e t  is  r e t a in e d .  
The r o u n d e d -o f f  temperature  read ings  a re  used as the  " t i e -  
e lem en t " ,  w h i l e  the t ime read ings  from the  char and b a s e l i n e  
data s e t s  a re  d is c a rd e d .  Th is  s i m p l i f i c a t i o n  assumes no d e ­
v i a t i o n  in  h e a t in g  r a t e ,  which is  a v e r y  good assumption e x ­
c e p t  under a hydrogen atmosphere. The im p l i c a t i o n s  o f  t h i s  
h e a t in g  r a t e  d e v i a t i o n  w i l l  be  d iscussed  in the f o l l o w in g  
c h a p t e r .
S in ce  the Du Pont 1090 Thermal A n a ly ze r  cannot be p r o ­
grammed to  reduce the data  i n t e r n a l l y  as d e s i r e d ,  the data 
must be t r a n s f e r r e d  to  an e x t e r n a l  computer which can make 
the n ecessa ry  c a l c u l a t i o n s .  The data  t r a n s f e r  and e v a lu a ­
t i o n  s tep s  a re  l i s t e d  s e q u e n t i a l l y  be low .
1. The o r i g i n a l  raw data  were t r a n s f e r r e d  from the  Du 
Pont 1090 Thermal A n a ly ze r  t o  an i n t e r f a c e d  IBM P e r ­
sona l  Computer us ing  a program l i s t e d  in Appendix D. 
The IBM PC s t o r e d  the data  s e t s  on m in i - d i s c s  f o r  fu ­
tu re  t r a n s f e r .
2. The IBM PC r e l a y e d  the data s e t s  to  a V i r t u a l  S to rage  
Pe rson a l  Computing (VSPC) system on an IBM mainframe 
computer using IBM's Asynchronous Communications Sup­
p o r t  s o f tw a r e .
3. The data  s e t s  in VSPC l i b r a r y  space were then a r ­
ch iv ed  on magnetic  tape ,  using a program l i s t e d  in 
Appendix D.
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4. W ith in  the data  r e d u c t i o n  program mentioned p r e v i o u s ­
l y ,  the d e s i r e d  b a s e l i n e ,  char and p y r o l y s i s  da ta  
s e t s  were r e c a l l e d  from ta p e .
5. The r e s u l t i n g  new data  s e t  ob ta in ed  from the  da ta  r e ­
d u c t io n  program was then a r c h iv e d  on magnetic  tape by 
a program l i s t e d  in Appendix D.
6 . The data  s e t s  were r e t r i e v e d  from tape  when d e s i r e d  
by using the r e c a l l  program l i s t e d  in Appendix D.
7. An i n t e g r a t i o n  program f o r  e v a lu a t in g  the h e a t  o f  p y ­
r o l y s i s  from the h e a t  f lo w  cu rve  is  l i s t e d  in Appen­
d i x  D. Th is  program w i l l  a l s o  d e te rm ine  the tempera­
tu re  a t  which the h e a t  f low  changes from exo therm ic  
to  endothermic  or v i c e  v e r s a  and the temperature  o f  
maximum exo therm ic  h e a t  f l o w .
8 . A program f o r  p l o t t i n g  the f i n a l  ouput cu rves  on a 
H ew le t t -P ack a rd  9872C p l o t t e r  has a l s o  been d e v e l ­
oped, as l i s t e d  in Appendix D.
DISCUSSION AND RESULTS
C h a p te r  V I I
HEAT OF PYROLYSIS DETERMINATION 
D i f f e r e n t i a l  Scanning C a lo r im e t r y
D i f f e r e n t i a l  scanning c a l o r im e t r y  was per formed as d e ­
s c r ib e d  in Chapter V on f r e e z e - d r i e d  Ind ian  Head l i g n i t e .
The param eters  s tu d ied  inc luded  h e a t in g  r a t e  (20 and 50 C°/ 
m in ) ,  mesh s i z e  (-8 +14, -28 +48, -100 +200 T y l e r  s e r i e s  
mesh s i z e s )  and p ressu re  (a tm ospher ic  and 400 p s i g ) .  Under 
a l l  c o n d i t i o n s  surveyed ,  l i g n i t e ,  char, b a s e l in e  and c e l l  
c a l i b r a t i o n  c o e f f i c i e n t  thermograms were g e n e ra te d .
F ig u re  6 d i s p l a y s  the  output f o r  a t y p i c a l  sample w ith  
c o n d i t i o n s  o f  argon  atmosphere, -28 +48 T y l e r  mesh, atmos­
p h e r i c  p r essu re  and a 20 C°/min h e a t in g  r a t e .  The s t rong  
endothermic 3 b eh a v io r  o c c u r r in g  around 110°C co rresponds  to  
the r e l e a s e  and v a p o r i z a t i o n  o f  w a te r  w i th in  the c o a l .  A l ­
though the sample had been f r e e z e - d r i e d  to  4.5% m o is ture ,  i t  
i s  i n t e r e s t i n g  to  note  th a t  the  moisture  e f f e c t  is  the  p r e ­
dominant f e a tu r e  o f  the  thermogram. The d eg ree  o f  e n d o t ­
hermic b eh a v io r  d e c r ea ses  u n t i l  around 410°C, where i t  aga in
3 Throughout the  course  o f  t h i s  r e s e a rc h ,  endothermic h ea ts  
o r  h ea t  f l o w s  are  c o n s id e r e d  to  be n e g a t i v e .
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in c r e a s e s .  A l though  the thermogram a p p a re n t ly  e x h ib i t s  
endothermic b e h a v io r  throughout the  whole temperature range 
i f  i t  is  a d ju s t e d  by s u b t ra c t in g  the skewed b a s e l i n e ,  p i c ­
tu red  in F igu re  7, exo therm ic  b e h a v io r  becomes e v id e n t  in 
the 350 to  500°C tem pera ture  range.  Th is  non -cons tan t  base 
l i n e  does not  cause an e r r o r  p e r  se, but makes ra p id  eva lu a  
t i o n  o f  the c o a l  thermogram d i f f i c u l t .
A f t e r  each l i g n i t e  sample has been p y r o l y z e d ,  the remain 
ing  char is  run under i d e n t i c a l  c o n d i t i o n s .  With the r e s u l  
t a n t  thermogram, h ea t  e f f e c t s  due to  changes in s p e c i f i c  
h e a ts  can be e f f e c t i v e l y  e l im in a t e d  from the  o r i g i n a l  t h e r ­
mogram. Th is  assumes, o f  course ,  tha t  the  f r e e z e - d r i e d  l i g  
n i t e  sample and i t s  r e s u l t a n t  char e x h i b i t  an i d e n t i c a l  spe 
c i f i c  h ea t  ve rsu s  tem pera ture  r e l a t i o n s h i p ,  which is  a 
r a th e r  good assumption on a m o i s t u r e - f r e e  b a s is  ( 1 5 ) .  F i g ­
ure 8 shows the  co r r esp on d in g  thermogram o f  char to  the l i g  
n i t e  sample shown in F igu re  6 .
When a sample i s  an a ly zed  in argon under 400 p s i g ,  the 
thermogram, shown in F igu re  9, i s  s l i g h t l y  a l t e r e d  from the  
argon a tm ospher ic  p r essu re  thermogram. For example, the en 
do therm ic  peak co rrespond ing  to  v a p o r i z a t i o n  o f  w a te r  has 
been s h i f t e d  from 110 to  270°C. Changing the atmospher ic  
com pos i t ion  from argon  to carbon monoxide r e s u l t s  in sub­
s t a n t i a l l y  the same h e a t  f l o w  u n t i l  a f t e r  500°C, where an 
exo therm ic  response becomes apparen t .  F ig u re  10 shows the
Figure 6: DSC Lignitic Pyrolysis Thermogram
Figure 7: DSC Baseline Thermogram
Figure 8: DSC Char Thermogram
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r e s u l t s  o f  p y r o l y s i s  in 400 p s i g  carbon monoxide. A 400 
p s i g  p r e s s u r i z e d  hydrogen atmosphere a l s o  r e s u l t s  in a d i f ­
f e r e n t  response  a t  tem pera tures  h i g h e r  than 500°C, as shown 
in F igu re  11. A t  a p p rox im a te ly  560°C, a sharp exotherm ic  
peak occurs .  However, in r e a l i t y ,  the exotherm ic  h ea t  f low  
o f  th e  thermogram con t in u es  t o  in c rea se  r a p id l y  beyond the 
apparent maximum because the c e l l  c a l i b r a t i o n  c o e f f i c i e n t  
sh a rp ly  in c r e a s e s  a t  tem pera tures  beyond the apparent maxi­
mum o f  the  p y r o l y s i s  thermogram.
F ig u re  12 shows o v e r l a i d  thermograms o f  sapph ire  and i t s  
co r respond ing  b a s e l i n e  under c o n d i t i o n s  o f  hydrogen a t  400 
p s i g .  Compared w ith  F igu re  13, o v e r l a i d  thermograms under 
argon a t  400 p s i g ,  the hydrogen atmosphere sapph ire  output 
cu rves  show d i s t i n c t  changes as tempera ture  in c r e a s e s ,  r e l a ­
t i v e  to  the b a s e l i n e .  From these  output cu rves ,  the c e l l  
c a l i b r a t i o n  c o e f f i c i e n t  can be de term ined  as a fu n c t io n  o f  
tempera ture  u t i l i z i n g  a computer program, as shown in Appen­
d ix  D. Equat ions  o b ta in e d  from t h i s  program fo r  a l l  c o n d i ­
t i o n s  a re  l i s t e d  in Appendix C.
C e l l  c a l i b r a t i o n  cons tan ts  f o r  hydrogen  and argon systems 
a t  400 p s i g  and 20 C°/min h e a t in g  r a t e s  a re  p l o t t e d  ve rsus  
tempera ture  in F igu re  14. The argon  cu rve  remains s t a b l e  
near 1 , but the  cu rve  f o r  hydrogen  is  e r r a t i c  and sha rp ly  
in c r e a s e s  a f t e r  560°C. A l s o ,  under hydrogen c o n d i t i o n s  l i n ­
ea r  h e a t in g  r a t e s  a re  d i f f i c u l t  t o  m a in ta in .  As shown in
Figure 9: Pressure  DSC L i g n i t i c  P y r o l y s i s  in Argon 
Thermogram
Figure  10: Pressure DSC L i g n i t i c  P y r o l y s i s  in Carbon 
Monoxide Thermogram
Figure 11: Pressure DSC Lignitic Hydropyrolysis Thermogram
Figure 12: DSC Thermograms f o r  Determining the C e l l  
C a l ib r a t i o n  C o e f f i c i e n t s  under Hydrogen
Figure 13: DSC Thermograms f o r  Determining the C e l l  
C a l ib r a t i o n  C o e f f i c i e n t s  under Argon
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F ig u re  15, the h e a t in g  ra te  o f  the  hydrogen system d e v i a t e s  
from the  a lmost p e r f e c t l y  l i n e a r  r a t e  e x h ib i t e d  by argon.
In  the p r essu re  DSC c e l l ,  the p r essu re  is  not  a c t u a l l y  
cons tan t  dur ing  the e n t i r e  run. An o r i g i n a l  p r essu re  o f  400 
p s i g  a t  50°C in c r e a s e s  t o  a maximum o f  500 p s i g  a t  600°C.
The p ressu re  in c r e a s e  does not  correspond w ith  the in c rease  
one would e x p ec t  from the  gas  law because o n ly  the gas w i t h ­
in  the  s i l v e r - e n c l o s e d  c a v i t y  is  a t  the  t a r g e t  temperature ,  
w h i le  most o f  the  c e l l  gas i s  a t  a c o n s id e r a b l y  lower temp­
e r a tu r e  .
Equat ions e x p r e s s in g  w e igh t  l o s s  as a fu n c t io n  o f  t em per­
a tu re  were a l s o  d e v e lop ed  so ad justments  cou ld  be made on 
the h ea t  f l o w  d a ta .  Appendix C l i s t s  these  equ a t ion s ,  de ­
v e lo p ed  from a computer program l i s t e d  in Appendix D. The 
equ a t ion s  a re  not  on a dry  b a s i s  but  r a th e r  on a f r e e z e -  
d r i e d  b a s i s  t o  compensate f o r  water  l o s s e s .  The w e igh t  l o s s  
cu rves  e x h ib i t e d  a t  a tm ospher ic  p r essu re  were a l s o  a p p l i e d  
to  DSC 400 p s ig  p ressu re  d e t e r m in a t io n s ,  as i t  has been a s ­
c e r t a in e d  th a t  p re s su re  v a r i a t i o n  had " s l i g h t  o r  no e f f e c t  
on w e igh t  changes du r ing  p y r o l y s i s "  in  an i n e r t  atmosphere 
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Figure 14: Argon and Hydrogen C e l l  C a l ib r a t i o n  C o e f f i c i e n t s  
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Figure 15: DSC Heating Rate P r o f i l e s  in Argon and Hydrogen 
Atmospheres
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P y r o l y s i s  in  A rgon
F ig u re  16 shows th e  f i n a l  a d ju s ted  output DSC data  o f  a 
-28 +48 T y l e r  mesh Ind ian  Head l i g n i t e  sample hea ted  a t  20 
C°/min in argon a t  a tm ospher ic  p r e s s u re .  Th is  d a ta ,  r e p o r t ­
ed on a f r e e z e - d r i e d  b a s i s ,  has undergone the data  r e d u c t ion  
p rocess  s p e c i f i e d  in Chapter V I .  The data  commences a t  
90°C, r a th e r  than 50°C, because the f i r s t  few d e g re e s  o f  
hea t-up  r e s u l t  in h i g h l y  uns tab le  r e a d in g s .  The v a p o r i z a ­
t i o n  o f  water  was a t  i t s  maximum a t  temperatures  rang ing  
from 90 to  105 °C f o r  -28 +48 T y l e r  mesh samples hea ted  a t  
20 co/min in ambient a rgon .  Th is  endotherm ta p e r s  o f f  u n t i l  
about 240°C, where l i t t l e  change occurs  u n t i l  330OC. At 
t h i s  p o in t ,  the h e a t  f l o w  aga in  d ec r e a s e s ,  becoming e x o t ­
hermic  a t  353°C and reach ing  i t s  exo therm ic  peak a t  419°C 
and then aga in  becoming endotherm ic .  Th is  and a l l  succeed ­
ing  p y r o l y s i s  da ta  s e t s  c o n c l u s i v e l y  agree  tha t  Ind ian Head 
l i g n i t e  has an exo therm ic  h e a t  o f  p y r o l y s i s .  However, the 
a b s o lu te  va lu e  o f  t h i s  exotherm ic  h ea t  may be q u es t ion ed .
A sample h ea ted  a t  50 co/min is  shown in F igu re  17. An 
in c reased  h e a t in g  r a t e  tends t o  in c rea se  the temperature  a t  
the  maximum r a t e  o f  h e a t  e v o l u t i o n  (TMRHE). P l o t t e d  in F i g ­
u res  18, 19, 20 and 21 are  a d ju s ted  h ea t  f low  cu rves  f o r  -8 
+14 and -100 +200 mesh s i z e s  w i th  20 and 50 C°/min h e a t in g  
r a t e s .  The exo therm ic  peaks do not seem to  be a f f e c t e d  by 
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Figure 16: Heat of Pyrolysis Determination for -28 +48 mesh
Indian Head Lignite at 20 C/min in Ambient Argon
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crease  in p a r t i c l e  d iam e te r  a l s o  in c r e a s e s  th e  temperature 
o f  th e  endothermic  peak. The l a r g e r  s u r fa c e  a rea  a s s o c ia t e d  
w ith  s m a l l e r  p a r t i c l e  s i z e s  is  the  l i k e l y  cause o f  the  en­
do therm ic  s h i f t  as th e  e f f e c t i v e  h e a t  t r a n s f e r  would be im­
p roved .  The sm a l l e r  p a r t i c l e  d iam e te r  would a l s o  a f f e c t  the  
endothermic s h i f t  as  on the  a ve rag e  a wate r  molecu le  would 
have a sm a l le r  d i s t a n c e  to t r a n s v e r s e  to reach the su r fa c e  
o f  th e  p a r t i c l e .
L i g n i t e  h ea ted  under 400 p s i g  p ressu re  y i e l d s  a h ea t  f low  
cu rve  th a t  is  s i g n i f i c a n t l y  a l t e r e d  from th a t  ob ta in ed  under 
a tm ospher ic  c o n d i t i o n s .  F i g u r e s  22 and 23 p i c t u r e  cu rves  
w ith  the  endothermic  peaks s h i f t e d  to  much h ig h e r  tempera­
tu r e s  compared to  cu rv e s  h ea ted  under ambient c o n d i t i o n s .  
These peak tem pera tures  cou ld  be  p r e d i c t e d  from w a t e r ’ s 
b o i l i n g  p o in t  a t  400 p s i g  o f  2290C (2_5). I n t e r e s t i n g l y ,  the 
TMRHE does no t  seem t o  be a f f e c t e d  by p ressu re ,  which would 
in d i c a t e  th a t  the  thermal d ecom p os i t ion  r e a c t i o n s  ta k in g  
p la c e  are  independent o f  p re s su re  and t h e r e f o r e  o f  f i r s t -  o r
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Figure 17: Heat of Pyrolysis Determination for -28 +48 mesh
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Figure 18: Heat of Pyrolysis Determination for -8 +14 mesh
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Figure 19: Heat of Pyrolysis Determination for -100 +200
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Figure 20: Heat of Pyrolysis Determination for -8 +14 mesh
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Figure 21: Heat of Pyrolysis Determination for -100 +200
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Figure  22; Heat o f  P y r o l y s i s  Determinat ion f o r  -23 +48 mesh 
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Figure 23: Heat oi Pyrolysis Determination for -28 +48 mesh
Indian Head Lignite at 50 C/'min in 400 psig
Argon
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P y r o l y s i s  in  Carbon Monoxide
Exposure o f  the  l i g n i t e  samples t o  a carbon monoxide en­
v ironment  o f  400 p s i g  during p y r o l y s i s  r e s u l t s  in a h e a t  
f lo w  cu rv e  e x h i b i t i n g  cu r iou s  c h a r a c t e r i s t i c s  a t  tempera­
tu re s  g r e a t e r  than 500°C, as shown in F ig u res  24 and 25. A 
d i s t i n c t  p r im ary  p y r o l y s i s  peak is  e v i d e n t ,  as under i n e r t  
gas ,  but in s tea d  o f  t a p e r in g  o f f ,  the d eg re e  o f  e x o t h e r m ic i -  
t y  in c r e a s e s  a f t e r  470°C, i n d i c a t i n g  some type  o f  exo therm ic  
r e a c t i o n  is  o c c u r r in g .
Among p o s s i b l e  r e a c t i o n s  f o r  e x p la n a t i o n  o f  the  exotherm­
i c  b e h a v io r ,  the most p l a u s i b l e  seem to  be p ro v id e d  by e x o t ­
herm ic  r e a c t i o n s  i n v o l v i n g  carbon monoxide l i s t e d  in Table  4 
(26). The main prem ise  f o r  t h i s  e x p la n a t i o n  may be found 
from th e  r e s u l t s  o f  Weimer and Ngan (21_ ) , who have shown 
th a t  the  e v o l u t i o n  o f  hydrogen  from a North Dakota l i g n i t e  
commences a t  a p p rox im a te ly  450°C o r  v e r y  n e a r l y  the tempera­
tu re  a t  which the exo therm ic  t r a i t s  c h a r a c t e r i s t i c  o f  l i g ­
n i t e  p y r o l y s i s  in carbon monoxide a re  i n i t i a t e d .  Assuming 
hydrogen e v o lu t i o n  r a t e s  o f  0.1 to  1.0 x 10-4 mole H2 min"*1 
gram"-'- o f  c o a l  f o r  a North Dakota l i g n i t e  between 450 and 
1000 °C as r e p o r t e d  by Weimer and Ngan, the exo therm ic  h ea t  
f low  c h a r a c t e r i s t i c  o f  carbon monoxide shows good agreement 
w ith  c a l c u l a t e d  v a lu e s  based on 50% co n v e rs io n  o f  th e  h y d r o ­
gen e v o l v e d .  I t  is  sugges ted  th a t  the  methanation o ccu rs  by 
f r e e - r a d i c a l  d i s s o c i a t i o n  w i th in  the c o a l  m a t r ix .  A number
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o f  o th e r  gas phase r e a c t i o n s  i n v o l v i n g  carbon monoxide are 
exo therm ic  a t  these  tem pera tu res ,  but these  gas phase r e a c ­
t i o n s  would not a f f e c t  the  temperature  o f  the  cr imped sample 
pan as the  pan con ta in s  o n ly  a v e r y  smal l  volume o f  gas .
TABLE 4
P o s s ib l e  Carbon Monoxide R eac t ions  in P y r o l y s i s  Zone o f
G a s i f i e r  (26)
Heat o f  R eac t ion  
a t  427°C
R eac t ion  ( j/m o le  o f  CO
re a c t e d )
CO + 3H2 — > CH4 + h 2o -220,450
CO + h20 C°2 + H 2 -  37,920
C02 + 4H2 —  » CH4 + 2H20 -182,548
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Figure  24: Heat o f  P y r o l y s i s  Determination f o r  -28 +48 mesh 
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Indian Head L i g n i t e  a t  50 C/min in 400 p s i g  CO
F igure  25:
61
Hydropyrolysi s
The p r e s s u r i z e d  hydrogen atmosphere r e s u l t s  in a h ea t  
f l o w  w i th  an even more dram at ic  exotherm ic  in c rea se  as shown 
in  F ig u re s  26 and 27. The on se t  o f  t h i s  exo therm ic  b e h a v io r  
c h a r a c t e r i s t i c  to  h y d r o p y r o l y s i s  does not  occur  u n t i l  a f t e r  
460OC. At tem pera tu res  be low  460°C, the h y d ro p y ro ly z e d  sam­
p l e s  behaved s i m i l a r l y  to  those p y r o l y z e d  under i n e r t  c o n d i ­
t i o n s .  An e x p la n a t i o n  o f  t h i s  exo therm ic  b e h a v io r  is  t h a t  
gaseous hydrogen ,  chemisorbed a t  an a c t i v e  c e n t e r  on the 
carbon s u r fa c e ,  may r e a c t  w i th  another  hydrogen  molecu le  r e ­
s u l t i n g  in methane fo rm a t ion  and a c t i v e  s i t e  r e g e n e r a t i o n  
(2j8). Another  mechanism p o s t u l a t e s  th a t  hydrogen r e a c t s  
w i th  a p i  bond as in
H H \ /H2 + C =  C - - >
Ri/ Nr 2
H\ /H /H
c -  <  
r i  h/ x 'R2 (12 )
Subsequent r e a c t i o n s  in t h i s  model i n v o l v e  h y d ro g e n a t io n  o f
the -CH2 group to  -CH3 and then to CH4 , w ith  the r e g e n e ra ­
t i o n  o f  a double bond group ing  f o r  each one consumed ( 2 8 ) .  
A ls o  i t  has been sugges ted  tha t  hydrogen s t a b i l i z e s  r e a c t i v e  
v o l a t i l e s ,  th e reby  p r e v e n t in g  p o l y m e r i z a t i o n  and s o l i d  r e d e ­
p o s i t i o n  ( 1 1 ) .  A l l  o f  the  above mechanisms would in c rease  
v o l a t i l e  y i e l d ,  o ccu rrence  o f  which has been e x p e r im e n ta l l y  
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Figure  26: Heat o f  P y r o l y s i s  nat ion  f o r  -28 +48 mesh
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F igure  27: Heat o f  P y r o l y s i s  Determinat ion f o r  -28 +48 mesh 
Indian Head L i g n i t e  a t  50 c/min in 400 p s ig  
Hydrogen
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The r e s u l t i n g  chars  from DSC under p r e s s u r i z e d  hydrogen 
and argon were ana ly zed  f o r  carbon, hydrogen and n i t r o g e n  
c o n te n t .  The a n a l y s i s  showed a g r e a t e r  hydrogen e lem en ta l  
c o n te n t  o f  2 .87 wt% f o r  the  h y d r o p y ro l y z e d  l i g n i t e ,  compared 
to  2.36 wt% f o r  th e  sample p y r o l y z e d  under argon .  Hydrogen 
a n a ly s e s  have  an ASTM r e p e a t i b i l i t y  e r r o r  o f  0.07% (2 3 ) .
The hydrogen e lem en ta l  a n a l y s i s  would tend to  support  o f  the 
a fo rem en t ioned  h y d r o p y r o l y s i s  mechanisms as they  both p r e ­
d i c t  in c reased  hydrogen c o n te n t .  Because o f  the  small  sam­
p l e  s i z e ,  complete  u l t im a t e  and prox im ate  d e t e rm in a t io n s ,  
which would a l l o w  comparison on the same b a s i s ,  are not  p o s ­
s i b l e .
When a hydrogen atmosphere is  used in the p r e s e n t  system, 
the maximum a t t a i n a b l e  temperature  is  560 oc o r  l e s s ,  de ­
pending on the h e a t in g  r a t e ,  because h y d ro g e n 's  unique t h e r ­
mal c o n d u c t i v i t y  p r o p e r t i e s  cause in c reased  h ea t  l o s s .  A lso  
the scan o f  the  p y r o l y z i n g  c o a l  system reached a much h ig h e r  
temperature  than the b a s e l i n e  scan, p robab ly  because the p y ­
r o l y z i n g  system c o n ta in s  gases  o th e r  than hydrogen ,  the reby  
a l t e r i n g  the thermal c o n d u c t i v i t y  p r o p e r t i e s .
Heat o f  P y r o l y s i s  D is cu ss ion  and R esu l ts
Using the i n t e g r a t i o n  program l i s t e d  in Appendix D, the 
h ea t  f l o w  cu rves  may be n u m e r i c a l l y  e va lu a ted  to  d e te rm ine  
endothermic  and exo therm ic  h e a t s .  For example,  the thermo-
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gram in F igu re  16 was de term ined  to  have  endothermic and e x ­
o therm ic  h ea ts  o f  -106 .7  and 35.2 J/g, r e s p e c t i v e l y .  The 
endothermic  h ea t  may be compared w ith  the h e a t  requ irem en t  
exp ec ted  o f  a substance c o n ta in in g  4.5% m o is tu re ,  which is  
-108 J/g. However, t h i s  assumes no e l e v a t e d  h ea t  o f  v a p o r i ­
z a t i o n  because o f  c o o r d in a t e d  or hydrogen  bonded water  mol­
e c u l e s .  A l s o ,  the endotherm is  not  measured be low  90°C, 
p o s s i b l y  u n d e rs ta t in g  the e x p e r im en ta l  v a lu e .
T a b le s  5 and 6 l i s t  the  major exo therm ic  and endothermic 
h e a t s  f o r  a tm ospher ic  and p r e s s u r i z e d  c o n d i t i o n s  r e s p e c t i v e ­
l y .  Because o f  the  wide s c a t t e r  o f  these  in t e g r a t e d  v a lu e s ,  
no d e f i n i t i v e  v a lu e  f o r  the h e a t  o f  p y r o l y s i s  can be j u s t i ­
f i a b l y  chosen. The wide s c a t t e r  seems t o  be caused by a 
s h i f t  in the h e a t  f low  cu rv e .  S ince  l i t t l e  c a r b o n i z a t i o n  
occurs  in  the v i c i n i t y  o f  300°C, as ev id enced  by TGA data  
fo r th com ing ,  i t  can be  reason ab ly  expec ted  tha t  the  h e a t  
f l o w  is  z e r o  in th i s  range ,  as s p e c i f i c  h ea t  e f f e c t s  have 
been supposed ly  e l im in a t e d .  However, in most h e a t  f low  
cu rv es ,  the 300°C tem pera ture  range shows a con s tan t  but 
n on -z e ro  r e a d in g ,  i n d i c a t i n g  th a t  some s o r t  o f  s h i f t  has o c ­
cu r r ed .  Because o f  the  many adjustments made, numerous 
sources  o f  e r r o r  e x i s t  th a t  may c o n t r ib u te  to t h i s  s h i f t .
The p o s s i b l e  sources  o f  e r r o r  a re  d iscu ssed  in Appendix B.
T a b le s  5 and 6 a l s o  l i s t  the  approximate endothermic and 
exotherm ic  h e a ts  i f  the  cu rv es  a re  r e - z e r o e d  co r respond ing
TABLE 5
DSC Endothermic and Exothermic Heats o f  Indian Head L i g n i t e  
under In e r t  Ambient Condit ions
a ^*5? spher i c p ressure,.__argon
Mesh
S ize
















Vapor i z a t i o n  
(J/g )
Ad justed  
Heat o f  
P y r o l y s i s
(J/g)
Ad justed  
Heat o f  
V apo r isa t ion
(J/g)
-8 +14 20 244 _ 571 * 4M 183.2 -112 120 -150
256 - 571 * 411 140.2 -105 95 -130
50 370 - 54 3 432 72.6 -221.7 130 -160
332 - 566 438 107.9 -181.8 * * * * *
-28 +48 20 353 - 496 419 35.2 -106.7 52 -68
360 - 455 397 20.1 -  98.2 43 -44
340 - 47 9 408 35.5 -  98.6 60 -61
344 - 427 397 11.3 -103.3 20 -73
J U X - 569 419 86.7 -106 * * * *
50 294 - 534 434 61.4 - 62.0 55 -69
332 - 490 424 33.9 -140 64 • -86
-100 + 2'«-> 0 2 20 3 - 570 ★ 394 160.7 -103 .0 ** * *
391 - 432 406 2.1 -237 * * -k #»
50 363 - 518 440 35 .8 -206 ir ir * *
422 448 432 2.6 -290 ** **
* in d i c a t e s  exothermic behav io r  con t inu ing
** in d ica te s  non-constant hea t  f low  near 300°C
TAELE 6
DSC Endothermic and Exothermic Keats o f  Indian Head L i g n i t e
under 400 ps ig
400 ps ig  pressure ,  -28 +48 T y la r  Mesh
Heating 















V a p o r i za t io n
(J/g)
Ad justed  
Heat o f  
P y r o l y s i s  
M/g)
Adjusted 
Heat o f  
Vapor i z a t l  
(J/g )
Ar 20 303 _ 592 * 416 136 1 -  51.6 85 -  88
36C - 601 * 414 5 3.6 -  90.8 54 -  91
50 374 - 570 ★ 436 10"’ -111 k k * *
CO 20 255 - 610 * 605 331.9 -  78.3 "40 -140
266 —606 * 605 225 .2 -  63.5 160 -100
50 270 - 604 * 436 183 -  22,7 100 - 72
352 - 596 k 596 13° -105 * + **
h2 20 294 544 k 544 159.5 -  l o  .4 100 - :3
299 - 544 * 544 106 -  25.6 ★  * * * *
281 - 344 * 544 140,1 - 3 7 r' 94 • - 89
50 512 - 526 * 526 2. / -110 .2 * * Ji if
344 - 556 ★ 550 164 -55.5 : * ic it
* in d i c a t e s  exothermic behav io r  cont inu ing
* *  in d i c a t e s  non-constant h ea t  f low  around 300°C
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to no ne t  h e a t  f l o w  in the 300°C temperature  range.  Aga in  
the v a lu e s  do not  show a h ig h  d eg re e  o f  c o n s i s t e n c y .  How­
e v e r ,  the r a t i o  o f  endothermic  to  exo therm ic  h e a t s  seems to  
be r e l a t e d .  The g e n e r a l  s c a t t e r  o f  DSC da ta  p rob a b ly  "em­
p h a s i z e s  th e  c o m p l i c a t i o n s  and u n c e r t a i n t i e s  t h a t  e x i s t  in 
o b t a in in g  a ccu ra te  and w e l l - c h a r a c t e r i z e d  h e a t  o f  r e a c t i o n  
data  in c o a l  c a r b o n i z a t i o n  and g a s i f i c a t i o n  systems" ( 2 9 ) .
I f  the  endothermic  and exo therm ic  v a lu e s  under a tmospher­
i c  i n e r t  c o n d i t i o n s  a re  c o r r e l a t e d  on a con s tan t  moisture  
b a s i s  and an endothermic h e a t  o f  v a p o r i z a t i o n  o f  -108 j / g  is  
assumed f o r  4.5% mois ture  c o a l ,  the co r resp ond ing  exotherm ic  
h e a t  would be 70 J/g .  However, t h i s  v a lu e  is  underes t im ated  
as some endothermic h e a t  v a lu e s  a re  low due to the f a c t  th a t  
any h ea t  f lo w  be low  90°C i s  not  measured. I f  a l l  endotherm­
i c  v a lu es  a re  a d ju s ted  to  t h e i r  c a l c u l a t e d  v a lu e s  based on 
m oisture  c o n te n t  and the exo therm ic  h e a ts  a re  ad ju s ted  by 
the same f a c t o r ,  the a v e ra g e  h e a t  o f  p y r o l y s i s  would then be 
113 J/g .  However,  t h i s  v a lu e  i s  h ig h  as i t  overcompensates  
because the  endotherm is  incom ple te  be low  90°C and the same 
f a c t o r  a d ju s t s  th e  exotherm ic  v a lu e s .  Mahajan e t  a l .  have 
de term ined  the h e a t  o f  p y r o l y s i s  t o  be 118.1 J/g f o r  the 
same l i g n i t e  a t  tem pera tu res  up to 580°C. Th is  exo therm ic  
v a lu e  was the  h i g h e s t  o f  the  tw e l v e  c o a l  typ es  surveyed ,  as 
the p y r o l y t i c  h ea t  v a lu e s  ranged a l l  the  way down to  -242 
J/g ( en do th erm ic )  f o r  a Washington b ituminous c o a l  ( 1 5 ) .
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The p y r o l y t i c  h ea t  e f f e c t s  a re  r e l a t i v e l y  minor compared 
to  the  main g a s i f i c a t i o n  r e a c t i o n s ,  as shown in Tab le  7 
( 29 ) .  A l s o ,  the h ea t  o f  p y r o l y s i s  made no s i g n i f i c a n t  con­
t r i b u t i o n  to  the h ea t  load  in the  UNDERC' s f i x e d - b e d  s l a g ­
g in g  g a s i f i e r .  P i c tu r e d  in F ig u re  28 i s  the  i n t e r n a l  hea t  
ba lance  dur ing  the g a s i f i c a t i o n  o f  Ind ian  Head l i g n i t e  ( 2 4 ) .  
In s tea d  o f  a p o t e n t i a l  h ea t  o f  7 .66 m i l l i o n  BTU/hr in the 
char l e a v in g  the p y r o l y s i s  s e c t i o n ,  an adjustment based on 
the e x p e r im e n ta l l y  determ ined  h ea t  o f  p y r o l y s i s  v a lu es  would 
in d i c a t e  a p o t e n t i a l  h ea t  o f  7 .60 m i l l i o n  BTU/hr. T h e re ­
f o r e ,  the h ea t  o f  p y r o l y s i s  was found t o  be o f  l i t t l e  c on se ­
quence in pe r fo rm in g  an en th a lp y  ba lance  on UNDERC' s f i x e d -  
bed s l a g g in g  g a s i f i e r .
TABLE 7
G a s i f i c a t i o n  Heats o f  Reac t ion  (29)
Heat o f  R eac t ion
R eac t ion
a t  800°C 
( j / g  carbon 
g a s i f i e d )
C + o2 — > co2
C + 2H2 — > CH4
-32,870
-7 ,523
C + h 2o — > CO + h 2




Heat f l o w  u n i t s :  m i l l i o n  BTU/hr
Heat f l o w  in p a r e n th e s i s  deno tes  P o t e n t i a l  Heat 
(Heat  o f  Combustion)
F ig u re  28: I n t e r n a l  UNDERC G a s i f i e r  Heat Balance (24 )
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MATHEMATICAL MODELING OF PYROLYSIS 
Thermogr a v i m e t r i c  A n a ly s i s
As d e s c r ib e d  in Chapter V, th e rm o g ra v im e t r ic  an a ly ses  
were per formed on Ind ian  Head l i g n i t e .  The param eters  s tu d ­
i e d ,  h e a t in g  r a t e  (5 ,  20, 50 and 100 C°/min),  mesh s i z e  (-8 
+14, -28 +48, -100 +200 T y l e r  s e r i e s  mesh s i z e s ) ,  argon f low  
r a t e  (20 ,  50 and 200 cm^/min) and sample mass s i z e  (10 , 30 
and 70 mg) are  f a c t o r s  known to a f f e c t  TGA r e s u l t s  ( 1 8 ) .
The m a jo r i t y  o f  w e ig h t  l o s s  e x h ib i t e d  by a l l  samples o c ­
cu rred  in the  350 to  650OC range ,  a l though  p y r o l y s i s  c o n t i n ­
ues a t  tem pera tures  above 650OC. The r e s u l t s  o f  a l l  runs 
a re  p r in t e d  in Appendix C, showing the temperature  and mass 
f r a c t i o n  remain ing a t  50 Co i n t e r v a l s .  F ig u re  29 shows the  
e f f e c t  o f  h e a t in g  r a t e  on the TGA cu rv e .  At a 5 C°/min 
h e a t in g  r a t e ,  the l i g n i t e  sample r e t a in s  l e s s  mass a t  the 
same temperature  as a sample e x p e r i e n c in g  a 100 C°/min h e a t ­
ing  r a t e .  D i f f e r e n c e s  in t o t a l  r e s id e n c e  t ime,  which a f ­
f e c t s  cu m u la t iv e  h e a t  and mass t r a n s f e r ,  r e s u l t  in these 
v o l a t i l e  r e l e a s e  d i f f e r e n c e s .
D e r i v a t i v e  thermograms p i c t u r e d  in F igu re  30 p r e s en t  the  
ra te  o f  mass lo s s  in a c l e a r e r  p e r s p e c t i v e .  The d e r i v a t i v e  
cu rve  f o r  the  5 co/min h e a t in g  r a t e  shows a maximum a t  ap­
p r o x im a t e l y  430oc w h i l e  the temperature  a t  maximum r a t e  o f  
w e ig h t  l o s s  (TMRWL) f o r  the  100 C°/min h e a t in g  r a t e  is  s i g ­
n i f i c a n t l y  h i g h e r  a t  463°C. These TMRWL v a lu e s  compare f a v ­
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o r a b ly  w ith  pu b l ish ed  v a lu e s  o f  440 and 490 °C a t  40 and 160 
C°/min h e a t in g  r a t e s  r e s p e c t i v e l y  f o r  a North Dakota l i g n i t e  
and w ith  441 and 452°C f o r  h e a t in g  r a t e s  o f  11 to  25 C°/min 
r e s p e c t i v e l y  f o r  a Lou is ian a  l i g n i t e  ( 1 1 ) .  Bituminous 
c o a l s ,  b e in g  o f  h i g h e r  rank and th e reb y  more s t r u c t u r a l l y  
s t a b l e ,  e x h i b i t  TMRWL's rang ing  from 452 to  523°C a t  h e a t in g  
r a t e s  o f  20 to  40 C°/min r e s p e c t i v e l y  ( 1 3 ) .  N o t i c e  tha t  the 
r a t e  o f  mass lo s s  p e r  d e g re e  a f t e r  700 oc in  F igu re  30 is  
s i g n i f i c a n t l y  h ig h e r  f o r  the  sample b e in g  hea ted  a t  5 C°
This would a p p a re n t ly  in d i c a t e  th a t  p y r o l y s i s  between 700 
and 1100 oc  i s  no t  o n l y  a fu n c t io n  o f  tem pera ture  bu t  a l s o  
o f  t im e .
The TMRWL i s  p r ob a b ly  the most d i s t i n c t i v e  t r a i t  o f  the  
thermograms and is  the  most v a lu a b le  p o in t  in r e a c t i o n  k i ­
n e t i c s  (30). From Tab le  8 , which l i s t s  the  a ve rag e  TMRWL 
f o r  each d u p l i c a t i o n ,  h e a t in g  ra te  e v i d e n t l y  has th e  g r e a t ­
e s t  e f f e c t  on the TMRWL, as an in c rea se  in h e a t in g  r a t e  a l s o  
produces  a co r r esp on d in g  in c r e a s e  in TMRWL f o r  a l l  samples. 
No c l e a r  t rend  is  e v i d e n t  from changes in sample mass or  
mesh s i z e .  However, f o r  f l o w  r a t e  v a r i a t i o n s ,  a d e f i n i t e  
c o r r e l a t i o n  seems t o  e x i s t ,  as a l a r g e  f l o w  r a t e  produces  a 
lower  TMRWL. Th is  would a g ree  w ith  t r a n s p o r t  p r i n c i p l e s  
s in c e  an in c r e a s e  in gas  v e l o c i t y  in c r e a s e s  mass t r a n s f e r ,  
as gas  v e l o c i t y  in c rea se d  from 4.1 cm/min a t  20 cc/min f low  
r a t e  to 41 cc/min a t  200 cc/min f low  r a t e .  The r e l a t i o n s h i p  
between TMRWL and h e a t in g  r a t e  is  l o g a r i th m ic  and may be ap­
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F igure  29: Heating Rate E f f e c t  on Thermogravimetr ic  
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F igure  30: Heat ing Rate E f f e c t  D i f f e r e n t i a l  
Thermogravimetr ic  Ana lys is
75
TMRWL = 412.7 + 10.53 ln (m ) .  ( 13 )
Equation  13 is  v a l i d  f o r  30 mg mass load ,  50 cm3/min argon 
f lo w  r a t e  and -28 +48 T y l e r  mesh and was de term ined  by 
l e a s t - s q u a r e s  l i n e a r  r e g r e s s i o n .
The m o i s t u r e - f r e e  v o l a t i l e  m atter  p e r c e n ta g e  found from 
A STM procedu res  may be compared w ith  tha t  measured on the 
thermogram, in which the v o l a t i l e  matter  is  assumed to  be 
the mass l o s t  a t  HOOoC, as l i s t e d  in Tab le  8 . The compar i­
son, a l though  not d i r e c t  because ASTM d e f i n e s  v o l a t i l e  con ­
t e n t  as the  w e igh t  l o s s  o c c u r r in g  a t  950 oC f o r  7 minutes 
( 2̂ ) ,  i s  q u i t e  f a v o r a b l e ,  as the  thermograms p r e d i c t  a v o l a ­
t i l e  c o n te n t  o f  38.2 to  42.0% compared to  the ASTM a n a ly s e s  
o f  39.0 to  42.2%. The e x t e n t  o f  w e ig h t  l o s s  a t  1100OC a l s o  
compared f a v o r a b l y  w ith  pu b l ish ed  v a lu e s  o f  0.386 and 0.412 
f r a c t i o n a l  w e ig h t  l o s s e s  measured a t  1000oc  f o r  h e a t in g  
r a t e s  o f  160 and 40 co/min r e s p e c t i v e l y  ( 1 0 ) .  The a c c e p t a ­
b l e  l i m i t  f o r  the  r e p r o d u c i b i l i t y  o f  v o l a t i l e  c o n ten t  d e t e r ­
m ina t ion  is  2.0% (2 3 ) .  V o l a t i l e  c on ten t  measured by th i s  
TGA c r i t e r i o n  tends  t o  be dependent upon h e a t in g  r a t e ,  s in ce  
a t  lower  h e a t in g  r a t e s  th e  r e s id e n c e  t ime is  l a r g e r  and the 
amount o f  v o l a t i l e  m atter  r e l e a s e d  is  c o r r e s p o n d in g ly  h i g h ­
e r .
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R esu l ts  o f  Thermogravimetr i c  A n a ly s is  o f  Ind ian  Head L i g n i t e
ambient p r e s s u re ,  argon
Mesh Heat ing  Sample Flow Average  Average
TABLE 8
S i z e  









V o l a t i l e
Matter
-  28 + 48 5 30 50 430.5 0.420
-  28 + 48 20 30 50 443.5 0.405
-  28 + 48 50 30 50 452.0 0.396
-  28 + 48 100 30 50 463.0 0.389
-100 + 200 20 30 50 440.5 0.410
-100 + 200 50 30 50 460.5 0.382
-  8 + 14 20 30 50 409.0 0.398
-  8 + 14 50 30 50 457.5 0.398
-  28 + 48 20 70 50 442.5 0.388
-  28 + 48 50 70 50 448.5 0.384
-  28 + 48 20 10 50 439.5 0.413
-  28 + 48 50 10 50 453.5 0 .415
-  28 + 48 50 30 20 462.5 0.397
-  28 + 48 50 30 200 447 .0 0.386
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Single-Reaction Coal Pyrolysis Model
The task o f  k i n e t i c  model ing c o a l  p y r o l y s i s  i s  not  e a s i l y  
accompl ished  because the  c o a l  p y r o l y s i s  p roce ss  i s  not l im ­
i t e d  t o  one s p e c i f i c  r e a c t i o n .  The f i r s t - o r d e r  equ a t ion ,
dV/dT = (ko /m) exp (-E/RT )  ( ( V * - V ) / V * ) ,  (14 )
was found inadequate  to  d e s c r i b e  p y r o l y s i s  e x c ep t  o v e r  small  
tem pera ture  i n t e r v a l s  ( 3_1) . I f  no s p e c i f i c  o rd e r  i s  a s ­
sumed, as in
dV/dT = (k Q/m) exp (-E/RT )  ( ( V * - V ) / V * ) n , (15)
a reasonab le  p y r o l y s i s  model can be ge n e ra te d  by a l e a s t -  
squares mathemat ica l  d e t e r m in a t i o n  o f  the  independent v a r i ­
a b l e s  E, kQ and n. The computer program f o r  d e te rm in in g  the 
op t im a l  v a lu e  o f  these  v a r i a b l e s  is  l i s t e d  in Appendix D.
In Tab le  9, these  k i n e t i c  param eters  a re  summarized f o r  d i f -
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f e r e n t  h e a t in g  r a t e s  and assumed va lu es  o f  V , the  p o t e n t i a l
*v o l a t i l e  c o n t e n t .  The va lu e  o f  V was e s t im a ted  from TGA 
d a ta .  The k i n e t i c  param eters  a re  h i g h l y  v a r i a b l e  to  r e l a ­
t i v e l y  minor changes in TGA param eters ,  i n d i c a t i n g  Equation  
15 i s  h i g h l y  u n s ta b le .
As p l o t t e d  in F ig u re  31, the r a t e  o f  w e igh t  l o s s  c a l c u ­
l a t e d  from these  k i n e t i c  param eters  f i t s  the  e x p e r im en ta l  
data  a d e q u a te ly  excep t  in the upper tempera ture  ranges .  Ha- 
t h i  and S l i p e v i c h  have a t tem pted  to  improve the  f i t  o f  Equa-
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( min- 1 )
E
( c a l/ m o le )
n
0.40 20 54.8 9810 1.74
0.42 20 237 10430 2.79
0.40 50 60.8 8808 2.07
0.42 50 149 9864 2.56
Removing f i r s t  and l a s t  10% o f  r e co rd ed  v o l a t i l e  l o s s :
0.40 50 475 11480 2.68
0.42 50 13120 15660 3 .60
t i o n  15 by n e g l e c t i n g  the f i r s t  and l a s t  8% o f  the  v o l a t i l e  
w e igh t  lo s s  ( 1 3 ) .  In  o th e r  words, o n ly  the exp e r im en ta l  
da ta  f o r  the  temperature  range where most o f  the  d e v o l a t i l i ­
z a t i o n  occurs  i s  used. The r e s u l t s  o f  t h i s  approach are 
a l s o  in d i c a t e d  in Tab le  9 and F igu re  31.
A lthough the o rd e r  o f  any r e a c t i o n  is  not  o r d i n a r i l y  
g r e a t e r  than two, i f  one c o n s id e r s  the  s i n g l e - r e a c t i o n  p y r o ­
l y s i s  model t o  r e p r e s e n t  an o v e r a l l  p r o c e s s ,  an o rd e r  g r e a t ­
e r  than two would be a c c e p ta b le  ( 8 ) .  However, a major 
shortcoming o f  Equation  15 is  th a t  V* i s  a fu n c t io n  o f  f i n a l  
tem pera ture  and h e a t in g  r a t e ;  a f a c t  th a t  is  " n e i t h e r  me­
c h a n i s t i c a l l y  c o n s i s t e n t  w i th  nor m a th em at ica l ly  amenable" 
to  Equation 15 (3 1 ) .  Another  drawback o f  Equation  15 is
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th a t  the  input o f  bo th  dV/dT and V as fu n c t i o n s  o f  tempera­
tu re  are r e q u i r e d  f o r  p rop e r  e v a lu a t i o n  o f  the  k i n e t i c  p a ­

















Temperature ( °C )
F igure  31: Curve Obtained from S in g l e - r e a c t i o n  Model F i t t e d  
Parameters
81
D i s t r i b u t e d  A c t i v a t i o n  E n e r g y  P y r o l y s i s  M ode l
From p r e v io u s  r e s u l t s ,  a more complex model would be d e ­
s i r a b l e  to  be m e c h a n i s t i c a l l y  and k i n e t i c a l l y  c o n s i s t e n t  






was f i t t e d  t o  the TGA da ta ,  u t i l i z i n g  the  n o n - l i n e a r  l e a s t
squares program l i s t e d  in Appendix D. The i n t e g r a l  l i m i t s
were 1000 t o  99,000 ca l/m o le ,  which are  a p p rox im a te ly  equal
t o  Eq -4c and in c lu de  a t  l e a s t  99% o f  a l l  p o s s i b l e  va lu es
o f  E when Eq i s  a p p rox im a te ly  50,000 ca l/m o le .  Tab le  10
*
d i s p l a y s  the fou r  k i n e t i c  v a r i a b l e s ,  V , E , a and kQ f o r  
a l l  th e rm o g ra v im e t r ic  v a r i a b l e s .  These k i n e t i c  v a lu es  com­
pare  f a v o r a b l y  w i th  those ob ta in ed  from o th e r  l i g n i t e  t h e r ­
mogravimetr  i c  c h a r a c t e r i z a t i o n s  in which Eq v a r i e d  from 
49,000 t o  55,000 ca l/mole  (K),1_1) • The v a r i a b l e  kQ is  a s ­
sumed t o  be 1.0 x 10^  /min, based on t r a n s i t i o n  s t a t e  th e o ­
ry  (1^7). As shown in Tab le  11, the  assumed v a lu e  o f  kQ i s  
comparable to  kQ v a lu e s  o f  o th e r  f i r s t - o r d e r  decom pos i t ions  
( 3_2) . A l s o ,  the  a c t i v a t i o n  e n e r g i e s  in Tab le  11 compare 
f a v o r a b l y  w i th  those  m a th em a t ica l ly  ob ta in ed  from Equation
16.
The wide d i s c r e p a n c i e s  between the k i n e t i c  v a lu es  o b ­
t a in e d  from t h i s  d i s t r i b u t e d  a c t i v a t i o n  energy  m u l t ip l e  r e -
TABLE 10
Kinetic Parameters from Distributed Activation Energy Model
K-,=I ,0E-H5/min
Mesh Heating Sample Flow Ec Q
*
V
S ize Rate Mass Rate
( T y l e r ) ( C°/m) (mg) ( cm^/in) ( ca l/mole ) ( ca l/m o le )
-23 +48 5 30 50 56,875 ±582 12,859 ±783 0.401 ±.0064
-28 +48 20 30 50 54,955 + 445 11,194 ±612 0.386 ±.0048
-28 +43 50 30 50 53,140 ±369 9958 ±509 0.374 ±.0042
-28 +48 100 30 50 52,739 ±347 9772 ±478 0,373 ±.0039
-100 +200 20 30 50 56,204 ±490 11,942 ±663 0.366 ±,0053
-100 +200 50 30 50 54,427 ±370 10,433 ±507 C 364 ± .004°
-8 +14 20 30 50 53,693 ±395 9,841 ±547 0.374 ±.0044
-8 +14 50 30 50 53,878 ±367 9,476 ±506 C.375 ±.0042
-28 +48 20 70 50 54,443 ±339 10,326 ±468 0.374 ±.0036
-28 +43 50 70 50 53,526 ±330 9,820 ±456 0.3 i \j ± . 0 0 j  o
-28 +48 20 10 50 55,411 ±552 11,690 ±747 0.387 ±.0064
28 +48 50 10 50 53,340 ±512 10,315 ±667 0.373 ± . o o :?2
-28 +48 50 30 20 54,257 ±546 10,266 ±749 0.377 ±.0061
-28 +48 50 30 200 53,644 ±388 10,344 ±532 0.371 ±.0044
83




A c t i v a t i o n  
Energy 
( c a l/ m o le )
Frequency 
Fac to r  
( s e c - 1 )
E th y l  p e r o x id e 31,500 5.1 E+14
E th y l id e n e  d ib u t y r a t e 33,000 1.8 E+10
A c e t i c  anhydride 34,500 1.0 E+12
E th y l  n i t r i t e 37,700 1.4 E+14
P a ra ce ta ld eh y d e 44,200 1.3 E+15
Nitromethane 50,600 4.1 E + l 3
Azomethane 52,500 3.5 E+16
Propy lene  o x id e 58,000 1.2 E+14
Dime thy l e  thy l a c e  t i c  a c id 60,000 3.3 E + l 3
1-Butene 63,000 5.0 E+12
T r im e t h y l a c e t i c  a c id 65,500 4.8  E+14
p-Xy lene 76,200 5.0 E + l 3
To luene 77,500 2.0 E + l 3
a c t i o n  model and the n th -o rd e r  s i n g l e - r e a c t i o n  model have  a 
t h e o r e t i c a l  b a s i s  o f  agreement.  Jdntgen and Van Heek have 
demonstrated  th a t  s e v e r a l  o v e r l a p p in g ,  independent f i r s t - o r ­
d e r  r e a c t i o n s  can be approximated by one f i r s t - o r d e r  r e a c ­
t i o n  w ith  k i n e t i c  v a lu e s  o f  a c t i v a t i o n  en ergy  and p r e - e x p o ­
n e n t i a l  f a c t o r  c o n s id e r a b l y  lower than any in d i v i d u a l  
k i n e t i c  f a c t o r  in the o r i g i n a l  group ( 4 ) .
R e l a t i o n s h ip s  e x i s t  between the TGA ex p e r im e n ta l  parame­
t e r s  in  which no compensat ion  f a c t o r s  a re  b u i l t  in to  Equa­
t i o n  16 ( p a r t i c l e  s i z e ,  sample mass load and argon  f low  
r a t e )  and the model param eters  o f  EQ; a an(j  v *  • For exam-
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d e c r e a s e .  Tab le  12 shows th e  e f f e c t  o f  changes in the TGA 
e x p e r im en ta l  param eters  on the k i n e t i c  v a r i a b l e s  and the TGA 
r e s u l t s .  Assuming TMRWL and a c t i v a t i o n  energy  have a d i r e c t  
r e l a t i o n s h i p  ( 3 0 ) ,  the  c o r r e l a t i o n s  shown in Tab le  12 are 
not  c o n s i s t e n t  w i th  the e x p e r im en ta l  t rend  with  the e x c e p ­
t i o n  o f  the  argon f l o w  r a t e  to V* r e l a t i o n s h i p .  E v id e n t l y ,  
the model i s ,  a t  b e s t ,  i n s e n s i t i v e  to  changes in TMRWL and, 
a t  wors t ,  t rends  in d i c a t e d  a re  o p p o s i t e  to what a c t u a l l y  o c ­
curs  w i th  r e s p e c t  to  a c t i v a t i o n  energy  and v o l a t i l e  r e l e a s e .  
A d d i t i o n a l  e v id e n c e  o f  t h i s  p o s s i b l e  d is c rep a n cy  can be 
found from r e s u l t s  o f  C iu ry la  e t  a l .  (10 )  and McCown e t  a l .  
( 1J . ) ,  in which in v e r s e  r e l a t i o n s h i p s  a l s o  e x i s t  between 
TMRWL and a c t i v a t i o n  e n e r g i e s  p r e d i c t e d  from Equation 16. 
Furthermore,  i n c o n s i s t e n c i e s  a l s o  e x i s t  w i th in  Equation 16 
w ith  r e s p e c t  t o  h e a t in g  r a t e :  the  v a lu e s  o f  the  a c t i v a t i o n  
e n e r g i e s  do not c o r r e s p o n d in g l y  in c rea se  with  TMRWL, but 
r a th e r ,  r e s o l u t e l y  d e c rea se .
I t  may be argued th a t  the  we igh ted  mean temperature  o f  
the  d e r i v a t i v e  mass lo s s  cu rv e  r a th e r  th a t  the  TMRWL i s  more 
d i r e c t l y  r e l a t e d  to the a c t i v a t i o n  energy .  The assumption 
th a t  TMRWL i s  d i r e c t l y  r e l a t e d  to  a c t i v a t i o n  en ergy  was 
based on TMRWL be in g  equa l  t o  the we igh ted  mean tem pera ture .  
In many s in g l e  component d ecom p os i t ion  r e a c t i o n s  TMRWL and 
the mean temperature  c o in c i d e ,  but in l i g n i t e  p y r o l y s i s  the 
mean temperature  is  c o n s id e r a b l y  h ig h e r  than the TMRWL w i th -
pie: as mass load increases, the activation energy and V*
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E f f e c t s  o f  TGA Parameters  on A c t i v a t i o n  Energy and V o l a t i l e  
Content o f  Ind ian  Head L i g n i t e
TABLE 12
An














P a r t i c l e No No No
S i z e  D i s c e r n ib l e Decrease D i s c e r n ib l e D is c e r n ib l e
Trend Trend Trend
Mass No
Load D is c e r n ib l e Decrease Decrease Decrease
Trend
Gas No
Flow Decrease D is c e r n ib l e Decrease Decrease
Rate Trend
Heat ing
Rate In c rease Decrease Dec rease Decrease
in  the tempera ture  range used. The mean tem pera tures  were 
found to  be a p p rox im a te ly  530 and 545 °C f o r  5 and 100 C°/ 
min h e a t in g  r a t e s .  I t  is  i n t e r e s t i n g  to  note tha t  the  32.5 
C° d i f f e r e n c e  in TMRWL's f o r  5 and 100 C°/min h e a t in g  r a t e s  
i s  l a r g e r  than the 15 C° d i f f e r e n c e  in mean tem pera tures .  
Th is  i s  due to the  g r e a t e r  amount o f  mass l o s t  p e r  d eg re e  
above 700 °C f o r  the s low er  h e a t in g  r a t e .  S t i l l ,  even i f  
the  mean temperature  o f  the  d e r i v a t i v e  mass lo s s  cu rve  is  
c o r r e l a t e d  a g a in s t  a c t i v a t i o n  energy ,  the same in c o n s i s t e n c y  
e x i s t s .  T h e r e f o r e ,  a s t rong  ind ic tm en t  can be lodged
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a g a in s t  the  worth o f  Equation  16 in  n u m e r ic a l l y  de te rm in ing  
k i n e t i c  v a r i a b l e s ,  s in c e  the  h e a t in g  r a t e ,  m, i s  the on ly  
TGA ex p e r im e n ta l  param eter  supposed ly  compensated f o r  w i th in  
Equation 16.
However, the  v a lu e  o f  Equation 16 in p r e d i c t i n g  p y r o l y s i s  
w e igh t  lo s s  as a fu n c t io n  o f  t em pera tu re ,  a l though  o f  ques ­
t i o n a b l e  k i n e t i c  b a s i s ,  remains u s e fu l .  F ig u re s  32 and 33 
show the e x c e l l e n t  f i t  o b ta in ed  from the  d i s t r i b u t e d  a c t i v a ­
t i o n  energy  p y r o l y s i s  model f o r  TGA data  under 5 and 100 
C°/min h e a t in g  r a t e s  r e s p e c t i v e l y .  A p o s s ib l e  e x p la n a t io n  
f o r  the  i n a b i l i t y  o f  Equation 16 to  p r e d i c t  k i n e t i c  parame­
t e r s  o f  g e n e r a l  v a lu e  may be t ra c ed  to  the  d e r i v a t i o n ,  which 
assumed the q u a n t i t y  E/RT t o  be much g r e a t e r  than u n i t y  to  
s i m p l i f y  the  f i n a l  e q u a t io n .
To fu r t h e r  f a c i l i t a t e  p r e d i c t i o n  o f  p y r o l y s i s  w e igh t  l o s s  
as a fu n c t i o n  o f  t em pera tu re ,  the k i n e t i c  param eters  o f  V*,
and Eo were e v a lu a t e d  w ith  r e s p e c t  t o  the  TGA parameters  o f  
p a r t i c l e  d iam ete r  and h e a t in g  r a t e  to  form a g e n e r a l i z e d  e x ­
p r e s s i o n .  The n a tu ra l  l o g a r i th m  o f  h e a t in g  r a t e  was c o r r e ­
l a t e d  w ith  the  k i n e t i c  pa ram eters ,  as p r e v io u s  work has in ­
d i c a t e d  th a t  k i n e t i c  param eters  a re  r e l a t e d  to  h e a t in g  ra te  
by the e x p r e s s io n  ( 1 3 ) :
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F igure  32: Curve Obtained from D is t r ib u te d  A c t i v a t i o n
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F igure  33: Curve Obtained from D is t r ib u ted  A c t i v a t i o n  
Energy P y r o l y s i s  Model F i t t e d  Parameters f o r  100 
C/'min Heating Rate
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Tab le  13 shows th e  eq u a t ion s  which b e s t  d e s c r i b e  a , V*
and Eq as fu n c t io n s  o f  p a r t i c l e  s i z e  and h e a t in g  r a t e ,  w ith  
the TGA parameters  o f  argon  f low  r a t e  and sample mass load  
h e ld  cons tan t  a t  50 cm^/min and 30 mg r e s p e c t i v e l y .  P a r t i ­
c l e  d iam ete r  and d iam e te r  squared terms a re  inc luded  s in c e  
mass t r a n s f e r  is  dependent upon bo th  d i f f u s i o n  leng th  and 
s u r fa c e  a rea .  The g e o m e t r i c  mean d iam e te r  o f  each mesh s i z e  
group ing  (-8 +14; 1.53 mm, -28 +48; 0.455 mm, -100 +200; 
0.104 mm) was used in th i s  d e t e r m in a t i o n .  As p r esen ted  in 
Tab le  13, a l l  th e  k i n e t i c  param eters  a re  ra th e r  s t rong  func­
t i o n s  o f  h e a t in g  r a t e .  The s t rong  r e l a t i o n s h i p  between the 
standard d e v i a t i o n  and the h e a t in g  ra te  may in d i c a t e  a b ia s  
in Equation 16.
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Equations E xpress ing  K i n e t i c  Parameters  as Funct ions o f
H ea t ing  Rate and Diameter
TABLE 13
K i n e t i c  Equation R2
V a r ia b l e  C o r r e l a t i o n
Eo = 58,520 -  1374 ln (m) + 162.30/D2 0.902
a = 12799 -  1074 I n ( m) + 921 .5/D -  73.1/D2 0.95
V* = 0.415 -  0.0105 I n ( m) 0.7 26
Standard D e v i a t i o n s :
SD_Eo = 696.2 -  81.8 I n ( m) 0.870
SD
a = 934.9 -  106.7 I n ( m) 0.884
SD y* = 0.007521 -  0.00085 ln (m) 0.869
CONCLUSIONS BASED ON COMBINED DSC AND TGA DATA
I n t e r e s t i n g  p a r a l l e l s  r e s u l t  i f  the  TMRWL and the TMRHE 
a re  compared under co r r esp on d in g  c o n d i t i o n s ,  as l i s t e d  in 
Table  14. The l a s t  number l i s t e d  i s  the  d i f f e r e n c e  between 
the two tem pera tu res .  These temperature  d i f f e r e n c e s  a re  
q u i t e  c o n s i s t e n t  f o r  a l l  mesh s i z e s  a t  the  same h e a t in g  
r a t e ,  ex cep t  the  -8 +14 s i z e  hea ted  a t  20 C°/min. For t h i s  
sample, however,  the DTGA cu rv es ,  from which the ave rage  
TMRWL v a lu e  o f  409°C was found, showed no d i s t i n c t  peak over  
the 400 to  450°C range  as most DTGA curves  d id .  With a 
sm al l  v a r i a t i o n  in the  da ta ,  the TMRWL f o r  these  c o n d i t i o n s  
cou ld  e a s i l y  have been 450°C.
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Comparison o f  TMRWL t o  TMRHE
TABLE 14
Me sh 
S i z e  
( T y l e r )











- 8 + 1 4 20 409 412.5 -3 .5
50 457.5 435 22.5
- 2 8  + 48 20 443.5 408 35.5
50 450.5 429 21.5
-100 +200 20 440.5 400 40.5
50 460.5 436 24.5
I f  one assumes th a t  the  exo therm ic  h e a t  r e l e a s e d  p e r  u n i t  
mass i s  con s tan t  o v e r  the p r im ary  p y r o l y s i s  tempera ture  
range,  TMRHE would then r e p r e s e n t  the  temperature  a t  the 
maximum r a t e  o f  r e a c t i o n  and m o lecu la r  d i s s o c i a t i o n  o f  the  
v o l a t i l e  compounds and the d i f f e r e n c e  between TMRWL and 
TMRHE would correspond  to  the t ime r e q u i r e d  f o r  mass t r a n s ­
f e r .  Assuming the v a l i d i t y  o f  t h i s  s c e n a r io ,  a v o l a t i l e  
compound would r e q u i r e  a p p rox im a te ly  110 seconds from moment 
o f  f o rm a t ion  to  escape  the  c o a l  s t r u c tu r e  a t  a 20 C°/min 
h e a t in g  r a t e  and 30 seconds a t  the  h i g h e r  temperatures  and 
mass f lu x  a t  the  50 C°/min h e a t in g  r a t e .  With th i s  in fo rm a­
t i o n ,  e m p i r i c a l  o r  even t h e o r e t i c a l  equ a t ion s  cou ld  be d e ­
v e lo p e d  which in c lu de  not  o n ly  k i n e t i c  but  a l s o  mass t r a n s ­
f e r  v a r i a b l e s .
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The l a r g e  d i f f e r e n c e  between TMRWL and TMRHE f o r  -100 
+200 mesh (74 to  147 pm) p a r t i c l e s  and assumed mass t r a n s f e r  
im p l i c a t i o n s  would a p p a r e n t l y  c o n t r a d i c t  a p r e v io u s  th e o r y  
tha t  s t a t e s  th e  chem ica l  r a t e  o f  therm al  decom pos i t ion  o f  
the  c o a l  s t r u c t u r e  f o r  p a r t i c l e s  l e s s  than 100 microns is  
the  c o n t r o l l i n g  f a c t o r  r a th e r  than the r a t e  o f  escape  o f  the  
v o l a t i l e s  through the porous char matr ix  ( 2 ) .  Whether p r e s ­
sure a f f e c t s  the  r e a c t i o n  r a t e  is  s t a t i s t i c a l l y  unc lea r  as 
TMRHE was found to  be 415°C a t  400 p s i g  compared to  408°C 
under a tm ospher ic  p re s su re  a t  20 co/min h e a t in g  r a t e s  and 
436 and 429°C r e s p e c t i v e l y  a t  a 50 C°/min h e a t in g  r a t e .
A cu rve  c r u d e ly  co r r esp on d in g  to  h ea t  o f  v a p o r i z a t i o n  r e ­
s u l t s  i f  th e  h e a t  f l o w  data  s e t  is  d i v i d e d  by the DTGA data  
s e t  a t  c o r re sp ond ing  tem pera tu res .  P l o t t e d  in F igu re  34 is  
such a cu rve  f o r  a -28 +48 mesh sample h ea ted  a t  20 C°/min 
under a tm ospher ic  p r e s s u re .  The main f e a tu r e s  o f  t h i s  curve  
are  the  enormous en e rg y  requ irem ent  f o r  mo is ture  r e l e a s e  and 
the r e l a t i v e l y  minor en e rgy  r e l e a s e  per  gram o f  v o l a t i l e s  
r e l e a s e d .  Under a tm ospher ic  p r essu re  c o n d i t i o n s ,  a h ea t  o f  
v a p o r i z a t i o n  o f  2235 J/g f o r  pure w ate r  a t  100°C i s  r e q u i r e d  
(2 5 ) ,  w h i le  the v a p o r i z a t i o n  requ irem ent  f o r  l i g n i t i c  mois­
tu re  has been r e p o r t e d  as h ig h  as 4400 j / g  f o r  10 grams wa­
t e r  p e r  100 grams d r y  l i g n i t e  ( 3 3 ) .
Curves o f  t h i s  nature  have  many l i m i t a t i o n s .  S ince  the 
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Figure  34: D i f f e r e n t i a l  Energy Flow R e la t i v e  to
D i f f e r e n t i a l  Mass Loss during the P y r o l y s i s  o f  
Indian Head L i g n i t e
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t i o n s ,  peak s h i f t s  caused by changes in exp e r im en ta l  c o n f i g ­
u ra t i o n  may o ccu r .  A ls o ,  any en ergy  change o c c u r r in g  does 
not  n e c e s s a r i l y  r e s u l t  from v a p o r i z a t i o n ,  which th i s  p l o t  
assumes, such as th e  p y r o l y s i s  p r o c e s s .
The cu rve  does tend to  g i v e  g r e a t e r  v a l i d i t y  to  a p r e v i ­
ous assumption th a t  the  en e rg y  r e l e a s e d  p e r  mass u n i t  o f  
v o l a t i l e s  formed in the  p r im ary  p y r o l y s i s  tempera ture  range 
i s  v e r y  n e a r l y  c on s ta n t .  To indeed v e r i f y  t h i s  assumption, 
p l o t t i n g  energy  pe r  mass u n i t  v o l a t i l e s  r e l e a s e d  as a func­
t i o n  o f  tem pera ture  should not be p l o t t e d ,  but r a th e r  a 
cu rve  o f  en e rgy  pe r  mass u n i t  o f  v o l a t i l e s  formed, im p oss i ­
b l e  as o f  y e t  to  be de term ined ,  should be e v a lu a te d .
CONCLUSIONS AND RECOMMENDATIONS
C h a p te r  V I I I
CONCLUSIONS
1. The s i n g l e - r e a c t i o n  and d i s t r i b u t e d  a c t i v a t i o n  energy- 
p y r o l y s i s  models a d e q u a te ly  p r e d i c t  c o a l  p y r o l y s i s  
w e igh t  l o s s ,  but the  k i n e t i c  v a lu es  ob ta in ed  a re  not 
u s e fu l  in  more g e n e r a l  a p p l i c a t i o n s .
2. Ind ian  Head l i g n i t i c  c o a l  e x h i b i t s  exo therm ic  h e a t  o f  
p y r o l y s i s  under i n e r t  c o n d i t i o n s ,  w ith  a v a lu e  b e ­
tween 70 and 110 J/g o ve r  a temperature  range o f  350 
to  5 50°C.
3. Exothermic r e a c t i o n s  not  e x h ib i t e d  under i n e r t  c o n d i ­
t i o n s  b e g in  a t  a p p rox im a te ly  460°C under 400 p s ig  h y ­
drogen and a t  500°C under 400 p s i g  carbon monoxide 
c o n d i t  i o n s .
4. The e f f e c t  o f  p re s su re  is  minimal on the  r a t e  o f  mo­
l e c u l a r  d i s s o c i a t i o n  o f  v o l a t i l e  matter  from the  c o a l  
s t r u c t u r e .
5. The t ime r e q u i r e d  f o r  mass t r a n s f e r  o f  a m o lecu la r  
v o l a t i l e  p a r t i c l e  ou t  o f  the  c o a l  m atr ix  may be d e ­
term ined  on a v e ra g e  from d i f f e r e n t i a l  scanning c a l o ­
r im e t r y  and thermogravime t r  i c  a n a ly s i s  thermograms.
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6 . P y r o l y t i c  h e a t  e f f e c t s  had l i t t l e  in f lu e n c e  on the 
i n t e r n a l  h e a t  b a la n c e  o f  the  UNDERC's f i x e d - b e d  s la g  
g in g  g a s i f i e r .
RECOMMENDATIONS
1. I t  is  recommended th a t  TGA and DSC a n a ly ses  be c a r ­
r i e d  out under i d e n t i c a l  c o n d i t i o n s  by en cap su la t in g  
the  TGA samples and c o n s t r u c t in g  a p r e s s u r i z e d  TGA 
a p p a ra tu s .
2. O b ta in in g  a con s tan t  e m i s s i v i t y  c o e f f i c i e n t  by meth­
ods such as b la ck e n in g  the sample pan would be d e s i r  
a b le  in q u a n t i f y in g  h ea ts  o f  p y r o l y s i s .
3. Submit o th e r  c o a l  t yp e s ,  e s p e c i a l l y  coa ls  w ith  endot 
hermic h ea ts  o f  p y r o l y s i s ,  to  the a fo rem ent ioned  
ana l y s e s .
4. F i n a l l y ,  a t tem pt  to  d e v e lo p  an equ a t ion  tha t  inc lude  
both k i n e t i c  and mass t r a n s f e r  v a r i a b l e s ,  u t i l i z i n g  
the data  ob ta in ed  from p r e v io u s  e x p e r im e n ta t io n .  I f  
such an equ a t ion  cou ld  be d e v e lop ed ,  i t  would r e vo lu  



















American S o c i e t y  o f  T e s t in g  and M a t e r i a l s  
Temperature i n t e r v a l
S p e c i f i c  h ea t  ( c a l / g  C ° )
Undetermined c o e f f i c i e n t  
Undetermined o rd e r  o f  eq u a t ion  
Diameter (mm)
D i f f e r e n t i a l  Scanning C a lo r im e t r y  
D i f f e r e n t i a l  Thermal A n a ly s is  
D i f f e r e n t i a l  Therm ograv im etr ic  A n a ly s is  
A c t i v a t i o n  energy  ( c a l/ m o le )
DSC c e l l  c a l i b r a t i o n  c o e f f i c i e n t  (d im e n s io n le s s )  
A c t i v a t i o n  en ergy  o f  component i  ( c a l/ m o le )
Mean a c t i v a t i o n  en ergy  ( c a l/ m o le )
Mean a c t i v a t i o n  en e rgy  o f  component i  ( c a l/ m o le )  
G eo m e t r ic a l  shape con s ta n t  ( cm^)
Heat t r a n s f e r  c o e f f i c i e n t  between h e a t in g  b lo ck  
w a l l  and sample m a t e r i a l  ( j/cm^ sec °C )
Decompostion r a t e  con s ta n t  (m in- 1 )
P r e - e x p o n e n t i a l  Fac to r  (m in- 1 )
P r e - e x p o n e n t i a l  Fac to r  o f  Component i  (m in- 1 )
Mass ( g )
H ea t ing  r a t e  (C°/min)
Order o f  e q u a t io n  (d im e n s io n le s s )
Heat ( j o u l e s )
U n iv e r s a l  Gas Constant ( ca l/ m o le  K)
Temperature/100 (K)
S t a t i s t i c a l  A n a ly s is  System 
Standard D e v ia t i o n
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T -  Abso lu te  Temperature (K) 
t  -  Time (min)
TGA -  Thermogravimetr i c  A n a ly s is











Temperature a t  the  Maximum Rate o f  W eigh t  Loss ( °C )  
V o l a t i l e  c o n ten t  (d im e n s io n le s s )
V o l a t i l e  c o n ten t  o f  component i  ( d im e n s io n le s s )  
P o t e n t i a l  v o l a t i l e  c o n ten t  (d im e n s io n le s s )
P o t e n t i a l  v o l a t i l e  c o n ten t  o f  component i
d i f f e r e n c e  in y - a x i s  d e f e c t i o n  between sample and 
blank cu rves  ( cm)
y - a x i s  s e n s i t i v i t y  o f  DSC (J/g oc)
p i ,  w ith  a v a lu e  o f  a p p rox im a te ly  3.141592
standard d e v i a t i o n  o f  E_
A p p e n d ix  B




There a re  s e v e r a l  e r r o r s  o r  com binat ions  t h e r e o f  th a t  
cou ld  r e s u l t  in a s h i f t e d  z e r o - l i n e  as w e l l  as a change in 
magnitude o f  th e  " r e z e r o e d "  d a ta .  These in c lude  any e r r o r  
in mass d e t e r m in a t io n ,  assuming char to  have the  same h ea t  
c a p a c i t y  as f r e e z e - d r i e d  c o a l ,  the TGA r e s u l t s  were a p p l i e d  
d i r e c t l y  to  c o n d i t i o n s  w i th in  the c a l o r i m e t e r ;  a l though  con­
d i t i o n s  such as sample c o n f i g u r a t i o n ,  thermal c o n ta c t  and 
gas v e l o c i t y  have been a l t e r e d ,  and the c o n ta c t  between the 
sample pan and the thermocouple may have v a r i e d  dur ing  the 
e x p e r im e n ta t io n .
A major source  o f  e r r o r  is  a f a c t o r  not inc luded  w i th in  
the data  ad justments  -  e m i s s i v i t y  (iJS). S ince  c o a l  l i b e r ­
a t e s  heavy  products  such as t a r  dur ing  d e v o l a t i l i z a t i o n ,  
condensa t ion  o f  these  p rodu c ts  o ccu rs  on the s u r fa c e  o f  the  
cr imped pans, as th e  pans were n o t i c e a b l y  darker  upon com­
p l e t i o n  o f  the  h e a t in g  p ro c e s s .  S ince  r a d i a t i v e  h e a t  t r a n s ­
f e r  is  p r o p o r t i o n a l  t o  the a b so lu te  temperature  to the 
fou r th  power, a small  change in the e m i s s i v i t y  c o e f f i c i e n t  
can enormously a f f e c t  the t o t a l  q u a n t i t y  o f  h e a t  t r a n s f e r r e d  
by r a d i a t i o n ,  e s p e c i a l l y  a t  h i g h  tem pera tu res .  An in c rea se  
in r a d i a t i v e  en ergy  t r a n s f e r  would d ec rease  the temperature  
d i f f e r e n c e  between the sample and r e f e r e n c e  pans, the reby  
d ec r ea s in g  the recorded  h ea t  f l o w .  I f  s i m i l a r  c o n d i t i o n s  
were p r e s e n t  dur ing  the c e l l  c a l i b r a t i o n  c o e f f i c i e n t  d e t e r ­
m ina t ion ,  no e r r o r  r e s u l t s .  But s in c e  sapph ire  does not 
emit  c o n d en s ib le  v o l a t i l e s ,  no ad justment  is  in h e ren t  w i th in
the c e l l  c a l i b r a t i o n  c o e f f i c i e n t .  The change in the em is-  
s i v i t y  o f  the  sample pan e s p e c i a l l y  a f f e c t s  the  char scan, 
as th e  e m i s s i v i t y  has been changed thoughout the  whole range 
o f  tem pera tu res .
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Appendix  C 
EXPERIMENTAL DATA
104
DSC data  is  a v a i l a b l e  on requ es t  from th e  U n i v e r s i t y  o f  
North Dakota Energy Research Center .
TGA Data
Temperature TGA TGA
(°C )  F r a c t i o n  F r a c t i o n






































50 C°/min, 200 cm^/min






















































































































































































900 .6 28 .6 36
950 .632 .6 24
1000 .6 20 .6 28
1050 .616 .625
1100 .612 .6 20
1150 .615







550 .744 .7 48
600 .714 .717
650 .689 .692
7 00 .670 .673
7 50 .653 .655
800 .641 .645










1 . 0 0
.999
.975








600 .7 28 .724

















5 50 .771 .767
600 .740 .735
650 .714 .711
7 00 .692 .688
750 .672 .671
800 .650 .652

















7 50 .682 .673
800 .663 .654
850 .651 .643




































































28 +48 Mesh, 100 C°/min, 50 cm^/min
250 1.00 1.00
300 .990 .991



























550 .7 20 .719
600 .693 .691
650 .672 .670





































Equat ions Express ing  the C e l l  C a l i b r a t i o n  C o e f f i c i e n t  as a
Funct ion  o f  Temperature
Heat ing
Atm. Rate P ressure  Equation













400 Ec _ 189.07 -  21.545S + .28306S2
-65.31942 I n ( T ) + 14.24628 T 1/2
400 Ec _ 43.1593 _ 5.30364S + 0.070863S2 
-15.14719 I n ( T ) + 3.432684 T l/2
400 Ec =206,794.07 +20 ,537 .478S2
-9717.7 49S 3 +2397.9197S4
-355.08425S5 +31.741168S6 
-1.583675S? +.03394568S8 
-45065.3003 l n ( T ) .
400 Ec = 28.670 -  5.921662S2
+.848452S4 - .222433S5 
+ .02285S0 - . 00080423S2
400 Ec _ _ 96.398 + 22.2695S- .700955S2 
+ .020115I S 2 - . 00001978S2 
+39.86168 I n ( T ) -11.0340 T l /2
400 EC =16,301.44 -6321.9138S +332.3771S2 
-19 .5  7 97 7S 2 +0 .641949S 4 
- .000463288S6 -7708.9386 I n ( T ) 
+2547.3777 T l/ 2 .




Tab le  17 ( c o n t . )
0 Ec =167.52 -32.0170S +.8882245S2 
- .0200667S3 -64.72816 I n ( T ) 
+16.820645 T 1/ 2 .
0 Ec =44480.6548 -1 7 3 5 8 .21S 917.9667S2 
-54.47272S3 +1.80159S4 
-0.0013275S6 -21 ,073 .093  I n ( T ) 
2547.3777T1/2 .
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Equat ions Express ing  TGA F r a c t i o n  as a Funct ion  o f
Temperature
ambient p r e s su re ,  50 cm^/min f lo w  r a t e ,  30 mg sample
TABLE 16
Mesh 
S i z e  






( v a l i d  from 50 to  600°C)
-8 + 14 AR 20 Ec =1.3128 - .108181 S2 +-034472 S3 
-.0034381 S4 +.00001046 S6
-8 + 14 AR 50 Ec =-43.7028 -7.22535S +.713867 S2 
- .00627439 S4 +.00035391 S5
+10.6004 I n ( T ) .
-28 + 48 AR 20 Ec =1.0189 - .00071355 S4
+.00029357 S5 - .00004482 S6
+.0000225 S 7.
-28 + 48 AR 50 Ec =1.027 -.00123897 S4 +.00052682 s5 
-.00007790 S6 +.00000379 S 7.
-100 + 200 AR 50 Ec =-11.347 -6.3291S +.0950533 S3 
- .01255423 S4 +.00052050 s5 
+1.7123934T1/2.
-100 + 200 AR 20 Ec =1.0951 -.013954 S3 +.005440004 S4 
-.00074623 S5 .00003418 s6.
-28 +48 CO 20 Ec =0.8223 +.07277 S 3 - .049286 s4 
+.013817 S5 - .00196393 S6 
+.00013953 S 7 -.00000393 s8.
-28 + 48 CO 50 Ec =1.0196 - .00294836 S 3 +-00129025 S4
-.0002079 S 5 +.00001058 S6




L i s t  o f  Programs
Name: ' C e l l c o n '
Language: SAS ( S t a t i s t i c a l  A n a ly s is  System)
F i t s  c e l l  c a l i b r a t i o n  c o e f f i c i e n t  as a fu n c t io n  o f  tempera­
tu re
Author :  Randy Molmen
Name: 'R ed u ce1
Language: SAS
Main data  r e d u c t ion  program as o u t l i n e d  in F igu re  5 
Author : Barb Weber
Name : ' TGAf i t  '
Language: SAS
C o r r e l a t e s  TGA f r a c t i o n  to  temperature 
Author :  Randy Molmen
Name: 'F r e e b '
Language: IBM Basic
Program f o r  da ta  t r a n s f e r  between Du Pont 1090 and IBM PC 
Author :  Randy Molmen
Name : 1 Arch3 '
Language: SAS
Program f o r  t r a n s f e r  o f  o r i g i n a l  da ta  to  tape 
Author :  Randy Molmen
Name: 'A rch6 '
Language: SAS
Program f o r  t r a n s f e r  o f  f i n a l  a d ju s ted  data  to tape 
Author:  Randy Molmen
Name : 1 Set  l i s t  '
Language: SAS
Program f o r  da ta  r e t r i e v a l  from tape  
Author:  Randy Molmen
Name : ' In th e a t  '
Language: SAS
I n t e g r a t e s  f i n a l  a d ju s ted  data  s e t  to  g i v e  exo therm ic  and 
endothermic h e a ts ,  t em pera tures  o f  i n f l e c t i o n  and the TMRHE. 
Au thor :  Ross Hefta
Name: ' P l o t w a t t '
Language: SAS
P l o t s  f i n a l  output  cu rve  on H ew le t t  Packard 9872C p l o t t e r .  
Au thor :  Ross Hefta
Name: ' N l i n '
Language: SAS
Program f o r  d e te rm in in g  param eters  f o r  s i n g l e  r e a c t i o n  model 
Author:  Ross Hefta
117
Name : ' I n t e g  '
Language: SAS
Program f o r  d e te rm in in g  k i n e t i c  param eters  f o r  m u l t ip l e  
p a r a l l e l  r e a c t i o n  equ a t ion  d ev e lop ed  by Anthony e t  a l .  
Au thor :  Ross He fta
118
' C e l l c o n 1
10 //CONPLOT JOB (@@@@@@@,UND) ,  ' NAME' , CLASS =A ,T IME=(,30 )
20 //STEP1 EXEC SAS, SYSO=Q, SYSA=Q 
30 //SYSIN DD *
40 DATA IN;




HEATCAP=-4 .4 1333 + (-0 .063 748 )*TEMP**0 .5+1 .10653929*LOG(TEMP)
55 CELLCON=HEATCAP* 20.47/DELY ;
56 T 2=T 1*T 1; T3=T1*T2; T4=T2*T2; T5=T3*T2; T6=T3*T3;
57 T 7=T4*T 3; T8=T4*T4; SQRTTEMP=SQRT(TEMP);




202 MODEL CELLCON=Tl T2 T3 T4 T5 T6 T7 T8 SQRTTEM LOGTEM




10 //MANIPUL JOB (@@@<a<a@@@, UND)
20 // STEP1 EXEC MSG
30/ *MESSAGE MOUNT TAPE @@@$$$ (RING 
40 //STEP2 EXEC SAS, SYSO=Q, SYSA=Q






































































DD DSN=SETNAM# , UNIT=TAPE , DISP= ( OLD, KEEP) , 
VOL=SER=@@@$ $ $ , LABEL= ( # , S L )
DSN=SETNAM#, UNIT=TAPE, DISP=( OLD,KEEP), 
VOL=SER=@@@#, LABEL=( # , S L )
DSN=SETNAM#, UNIT=TAPE, DISP=( OLD,KEEP) , 
VOL=SER=@@@#, LABEL=( # , S L )
DSN=&SETNA#, UNIT=SYSDA,DISP=(NEW,PASS) 
SPACE=(TRK,( 2 0 , 1 0 ) )
DSN=&SETNA#, UNIT=SYSDA,DISP=(NEW,PASS) 
SPACE=(TRK, ( 2 0 , 1 0 ) )
DSN=&SETNA#, UNIT=SYSDA,DISP=(NEW,PASS) 
SPACE=(TRK, ( 2 0 , 1 0 ) )
DSN=&&TEMP, UNI T=SYSDA,
SPACE=(TRK, (2 0 ,1 0 )  )
IN=PYROTAPE OUT=PYRODISK;
IN=BASETAPE OUT=BASEDISK;
IN=CHARTAPE OUT=CHARD ISK ;
DATA=PYROD I SK . DAT; BY TEM P ;
INTER;







TEMP=ROUND( TEMP, 1 ) ;
PWATT S=MWATT S;
DROP MWATTS;
PROC SORT; BY TEMP;
DATA PYROL;
SET INTER;BY TEMP;
IF  FIRST.TEMP AND TEMP>j=90 THEN OUTPUT PYROL;
PROC SORT DATA=BASEDISK.DAT;BY TEMP;
DATA INTER2;
SET BASEDISK.DAT;BY TEMP;




PROC SORT; BY TEMP;
DATA BASEL;SET INTER2 ; BY 
IF  FIRST.TEMP AND TEMP 
PROC SORT DATA=CHARDISK.DAT;BY 
DATA INTER3;
SET CHARD ISK .DAT;BY TEMP;
TEMP=ROUND( TEMP, 1 ) ;
CW ATT S=MWATT S ;
DROP TIME;
DROP MWATTS;
PROC SORT; BY TEMP;
DATA CHARL;SET INTER3 ; BY 
IF  FIRST.TEMP AND TEMP 
DATA MERGER;
TEMP;
y= 90 THEN OUTPUT BASEL; 
TEMP;
TEMP;
> =90 THEN OUTPUT CHARL;
120
430 MERGE PYROL BASEL; BY TEMP;
450 IF  PWATTS=" . " THEN DO;
500 NEWP=LAG( PWATTS) ;
510 END;
520 IF  BWATTS=" . " THEN DO;
530 NEWB=LAG( BWATTS) ;
540 END;
550 PROC SORT; BY DESCENDING TEMP;
560 DATA MERGER2; SET MERGER; BY DESCENDING TEMP;




610 IF  BWATTS=" . " THEN DO;
620 BWATTS= (LAG ( BWATTS )+NEWB) /2;
630 DROP NEWB;
640 END;
645 PW ATT S=PWATTS- BWATTS;
646 DROP BWATTS;
660 DATA MERGERA;
670 MERGE CHARL BASEL;BY TEMP;
690 IF  CWATTS=". "  THEN DO;
700 NEWC=LAG ( CWATTS ) ;
710 END;
720 IF  BWATTS=" . " THEN DO;
730 NEWB=LAG( BWATTS) ;
740 END;
750 PROC SORT;BY DESCENDING TEMP;
760 DATA MERGERA2; SET MERGERA; BY DESCENDING TEMP;














869 COMMENT THE FOLLOWING EQUATION ADJUSTS TO ORIGINAL MASS;
870 COMMENT BY USING TGA DATA;
871
PWATTS=1/(1.31280179-0.1081809*S**2+.034472 3 5 *S **3-.0034381*
872 S * * 4 + .00001046*S** 6 ) *  PWATTS;
880 COMMENT THE FOLLOWING EQUATION ADJUSTS TO 10 MG ORIGINAL 
MASS;
881 PWATTS=PWATTS*10/10.06;
891 PROC SORT; BY TEMP;
920 DATA AD JUST A;
930 SET MERGERA2;
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934 COMMENT THE FOLLOWING EQUATION ADJUSTS TO 10 MG CHAR;
935 CWATTS=10/6.55*CWATTS;
940 PROC SORT; BY TEMP;
970 DATA C CM BINE;
980 MERGE ADJUST AD JUST A; BY TEMP;
990 IF  CWATTS=". "  THEN DO;
1000 NEW2C=LAG( CWATTS) ;
1010 END;
10 20 IF  PWATTS=" . " THEN DO;
1030 NEW2P=LAG( PWATTS) ;
1040 END;
1060 PROC SORT;BY DESCENDING TEMP;
1070 DATA COMBINES; SET COMBINE; BY DESCENDING TEMP;










1265 PROC SORT; BY TEMP;
1280 DATA CELLCONS;SET COMBINES;
1285COMMENT THE FOLLOWING EQUATION ADJUSTS FOR CHANGING CELL 
CONSTANT
1290 PWATTS=PWATTS*(189 .0659-21 .54510*S+0.28306119 * S * * 2 
+14.24628* T * * 0 .5 - 6 5 .3 1 942*LOG(T) ) ;
1296 COMMENT THE FOLLOWING EQUATION READJUSTS TO ORIGINAL 
MASS;
1300 AWATTS=(1 .3 1 2 8 0 1 7 9 - .1081809*S**2+.03447235*S**3 
- .0 0 3 4 3 8 10*S * *4+ .00001046* S * * 6 ) * PWATTS;
1315 COMMENT THE FOLLOWING EQUATION GIVES MWATTS DIVIDED BY;
1316 COMMENT DIFFERENTIAL WEIGHT LOSS;
1320 JOULES =AWATTS/ ( - 1 0 )*60/20/ ( - 2 / 1 0 0 * .1081809*S+3/100 





1 TGAf i t  1
10 //CONPLOT JOB (9982540,UND), ’ HEFTA',CLASS=A,TIME=(,30 )  
20 //STEP1 EXEC SAS, SYSO=Q, SYSA=Q 
30 //SYSIN DD *
40 DATA IN;
50 INPUT TEMP PERC;
60 TEMP=TEMP+27 3.18;
70 T1=TEMP/100;
80 T 2=T 1*T 1; T3=T1*T2; T4=T2*T2; T5=T3*T2; T6=T3*T3;
90 T7=T4*T3; T8=T4*T4; SQRTTEMP=SQRT(TEMP) ;




420 MODEL PERC=T1 T2 T3 T4 T5 T 6 T7 T 8 SQRTTEM LOGTEM 
430 / FORWARD BACKWARD MAXR;
440 //
123
' F r e e b '
1 CLS
2 KEY OFF
10 OPEN " c o m l :48 800 ,n ,8 ,1 "  AS 3
20 INPUT "what do you want to  c a l l  t h i s  f i l e " ;N A M $  
30 OPEN NAM$ FOR OUTPUT AS 2 
40 PRINT 3, "@SF"
50 HEAD$=INPUT$(1 3 9 ,3 )
60 PRINT HEAD $
70 FOR N=1 TO 1000 
80 TRIP$=INPUT$(2 6 ,3 )
90 IF  EOF(3 )  THEN 120 
100 PRINT 2, TRIP$
110 NEXT
120 PRINT "END OF F I L E N ; " l i n e s  o f  da ta  w r i t t e n . "  
130 CLOSE
124
' A rch3 '
10 //TGAARCH JOB ( @@@@@@@ , UND) , ' name ' , CLASS =F ,TIME= ( , 45 )
20 // EXEC TAPEMSG 
30 TAPES RIN: &&&@@@
40 //STEP2 EXEC SAS, SYSO=Qf SYSA=Q
50 //INSAS DD DSN=&&TEMSAS, UNIT=SYSDAf SPACE=(TRK, ( 5 0 , 3 0 ) ) ,  
60 // DISP=(NEW,KEEP)
70 //SYSIN DD *
80 DATA IN;
90 INPUT TEMP MWATTS TIME;
100 CARDS;
200 DATA INSAS. DAT;
210 SET IN;
220 PROC PRINT DATA=IN;
230 //STEP3 EXEC SAS, SYSO=Q, SYSA=Q
240 //INSAS DD DSN=&&TEMSAS, UNIT=SYSDA,DISP=( OLD,DELETE) 
250 //TAPESAS DD
DSN=dataname, UNIT=TAPE,VOL=SER=&&&@@@, LABEL=( # , S L ) ,
260 // DISP=(NEW,KEEP)
270 //SYSIN DD *
280 PROC COPY IN=INSAS OUT=TAPESAS;
290 PROC CONTENTS DATA=INSAS._ALL_;




10 //TGAARCH JOB (@@@@@@@,UND) ,  ' name' , CLASS =F,TIME=( , 4 5 )
20 //STEP1 EXEC TAPEMSG 
30 TAPES RIN: &&&@@@
40 //STEP2 EXEC SAS, SYSO=Q, SYSA=Q
50 //INSAS DD DSN=&&TEMSAS, UNIT=SYSDA,SPACE=(TRK, ( 5 0 , 3 0 ) ) ,  
60 // DISP=(NEW,KEEP)
70 //SYSIN DD *
80 DATA IN;
90 INPUT OBS TEMP TIME MWATTS AWATTS DWATTS;
100 DROP OBS;
110 CARDS;
310 DATA INSAS. DAT;
320 SET IN;
330 PROC PRINT DATA=IN;
340 //STEP3 EXEC SAS, SYSO=Q, SYSA=Q
350 //INSAS DD DSN=&&TEMSAS, UNIT=SYSDA,DISP=( OLD,DELETE)
360 //TAPESAS DD
DSN =da tana me , UNIT=TAPE , VOL=SER=&&&(3 0@, LABEL = (# , SL ) ,
370 // DISP=(NEW,KEEP)
380 //SYSIN DD *
390 PROC COPY IN=INSAS OUT=TAPESAS;
400 PROC CONTENTS DATA=INSAS._ALL_;
410 PROC CONTENTS DATA=TAPESAS._ALL_;
420 //
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' S e t l i s t  '
10 //TGAARCH JOB ( @@@@@@@, UND), ' name 1, CLASS=F,TIME=( ,4 5 )  
20 //STEP1 EXEC MSG
30 /* MESSAGE MOUNT TAPE &&&@@@ (RING OUT)
40 //STEP2 EXEC SAS, SYSO=Q, SYSA=Q
41 //TEMPSAS DD DSN=&TEMSAS, UNIT=SYSDA,DISP=(NEW, DELETE),
42 // SPACE=(TRK,( 1 0 , 1 0 ) )
50 //TAPESAS DD DSN=Filename, UNIT=TAPE,VOL=SER=$$$@@@, 
LABEL = (# , SL ) ,
60 // DISP=(OLD,KEEP)
70 //SYSIN DD *
75 PROC CONTENTS DATA=TAPESAS._ALL_;




1 I n t h e a t ’
10 //CONPLOT JOB (@@@@@@@@,UND) ,  1 NAME' , CLASS =A,TIME=( , 3 0) 
20 //STEP1 EXEC SAS, SYSO=Q, SYSA=Q 
30 //SYSIN DD *
40 DATA IN;
50 INPUT OBS TEMP TIME PWATTS AWATTS DWATTS;
60 CARDS;
70 DATA OUT;
80 SET IN  END=EOF;
90 RETAIN PWATT AWATT TIM PENERGY AENERGY HIGH T; 
100 IF  _N _  EQ 1 THEN DO;




150 IF  _N_ NE 1 THEN DO;
160 EP=( PWATT+PWATTS) / 2 * (TIME-TIM)*60/1000;
170 EA= (AWATT+AWATTS ) /2* (TIME-TIM) *  60/1000;
180 P EN ERGY=PEN ERGY +E P ;
190 AEN ERGY = AEN ERGY +E A ;
200 P=PWATT/(PWATTS+.00001) ;
210 IF  P<0 THEN DO;








300 IF  EOF THEN DO;
310 PUT TEMP PENERGY AENERGY;








' P l o t w a t t '
10 //RPLOT JOB (@@@@@@<3, UND) , ' ROSS HEFTA 
1,TIME = ( 1 ) , CLASS=A
20 // STEP1 EXEC SAS, SYSO=Q, SYSA=Q f DEFAULT=VSPC1 32 
30 GOPTIONS DEVICE=HP9872 HSIZE=17 VSIZE=11 PENMOUNTS=l
HPOS=100 VPOS=50;
40 TITLE1 .H=3
50 TITLE2 .H=3 .A=-90
60 TITLE3 .H=3 .A=-90
70 t i t l e 4  ,h=3 7
80 t i t l e 5  .h=3 7
90 t i t l e 6 ,h= 3 . a = - 90 7
100 FOOTNOTE1 . H=3 7
110 FOOTNOTE2 .H=3 . A=- 90 7
120 FOOTNOTE3 .H=3 . A=- 90 7
130 f o o t n o t e 4 .h=3 . a=- 90 7
140 fo o tn o t e  5 .h=3 7
150 DATA GENERATE;





220 PLOT AWATTS*TEMP/HAXIS=50 TO 650 BY 100;




' N l i n '
10 //CONPLOT JOB (@@@@@@@,UND) ,  ' HEFTA' , CLASS=A,TIME=( , 3 0 )  
20 //STEP1 EXEC SAS, SYSO=Q, SYSA=Q 
30 //SYSIN DD *
40 TITLE NTH ORDER ARRHENIUS:
DVDT=K/50*EXP(-E/R/T)*(VSTAR)**N;
45 COMMENT VSTAR=(1-TGA f r a c t i o n ) / V *
50 DATA IN;
60 INPUT T VSTAR DVDT;
70 CARDS;
500 PROC NLIN METHOD=MARQUARDT EFORMAT;










' I n t e g  '
10 //CONPLOT JOB ( @@@@@@@, UND) ,  ' name 1, CLASS=B,TIME=2 
20 //STEP1 EXEC SAS, SYSO=Q, SYSA=Q 
30 //SYSIN DD *
40 DATA IN;
50 M=100; R=1.9872;
55 comment V=1 -TGA f r a c t i o n  
60 INPUT T V;
70 CARDS;
460 PROC NLIN METHOD=MARQUARDT EFORMAT;
470 PARMS VS=.415 K0=1 .OE+14, 1 . 0E+15 E0=50000f 55000 
SIG=10000,12000;
480 S P I= (6 .2 83185 372**0 .5 * S I G ) * * ( - 1 ) ;
490 KORT=-(K0*R*T**2/M);
500 R T = l/ ( - R * T ) ;





560 DO E=2000 TO 98000 BY 2000;




INTDEREO=INTDERE0+4*FUNC * ( - 1 ) * ( - 2 * (E-EO) / ( 2*S IG* * 2 ) ) ;
610
INTDERS1=INTDERS1+4*FUNC*( - 1 * (E-EO) * *  2 * ( - 2 ) / ( 2*S IG* * 3 ) )  ; 
620 END;
630 DO E=3000 TO 97000 BY 2000;




INTDEREO=INTDEREO+ 2*FUNC * ( - 1 ) * ( - 2 * (E-EO) / ( 2*SIG ** 2 ) ) ;
680
INTDERS1=INTDERS1+ 2*FUNC * ( - 1 * (E - E O ) * * 2 * ( - 2 ) / ( 2 * S I G * * 3 ) ) ; 
690 END;
700 FMIN=EXP( KORT/1000*EXP( 1000*RT) - ( ( 1000-E0) /SIG) * * 2 / 2 ) ;  
710
FMAX =EX P ( KORT/99000*EXP( 99000*RT) - ( ( 99000-E0) /SIG) * * 2 / 2 ) ;  
720 FMINK0=FMIN*(-R/M/1000*T**2*EXP(-1000/R/T)) ;
730 FMAXK0=FMAX*(-R/M/99000*T**2*EXP(-99000/R/T)) ;
740 FMINE0=FMIN*( - 1 ) * ( - 2 * (1 0 0 0 -E 0 )/ 2 / S IG * *2 ) ;
750 FMAXEO=FMAX*( - 1 ) * ( - 2 * ( 9 9 0 0 0 - EO)/2/SIG* * 2 ) ;
760 FMINSIG1=FMIN*( ( - 1 ) * ( 1000-E0) * * 2 * ( - 2 ) / ( 2 * S IG * * 3 ) ) ;
770 FMAXSIG1=FMAX* ( ( - 1 ) * ( 9 9 0 0 0 - EO) * * 2 * ( - 2 ) / ( 2*S IG* * 3 ) )  ;












MODEL V=(VS-VS*SPI *INTEGRAL/l) ; 
DER.VS=(1-SPI*INTEGRAL/1);
DER. K0=( -V S ) *SPI*INTDERK0/1;
DER .E0= ( -  VS ) * SPI *INTDERE0/1;





DSC Data Reduct ion  Procedure in Computer Program 'Reduce '
Raw Data o v e r  A r b i t r a r i l y  S e l e c t e d  Temperature Range
C o n d i t i o n s :  CO atmosphere, -28 +48 T y l e r  Mesh, 400 p s i g ,  20 
C°/min, 10.40 mg c o a l  sample,  6 .96 mg char
P y r o l y s i s  Char Blank
Temp Power Time Te mp Powe r Time Temp Power Time
(°cj (mW) ( min) ( °C )  (mW) ( min) ( °C ) ( mW) ( min)
120.2 -7 .20 3 .667 120.2 -1 .04 3.667 120.1 5.18 3.033
120.9 -7 .2 4 3.700 120.9 -1 .0 5 3.700 120 .8 5.18 3.067
121.5 -7 .2 8 3.733 121 .6 -1 .0 6 3.733 121 .5 5.18 3.100
122.2 -7 .33 3.767 122.3 -1 .0 8 3.767 122.2 5.18 3.133
122.9 -7 .3 7 3.800 123.0 -1 .0 8 3.800 122.9 5.17 3.167
123.6 -7 .41 3.833 123.7 -1 .1 0 3 .833 123.6 5.17 3.200
124.3 -7 .4 5 3.867 124.3 -1 .1 0 3 .867 124.3 5.17 3.233
124.9 -7 .4 9 3.900 125.0 -1 .1 2 3.900 125 .0 5.16 3.267
125.7 -7 .5 2 3.933 125.7 -1 .1 2 3.903 125.7 5.16 3.300
126.4 -7 .5 7 3.967 126.4 -1 .1 3 3.967 126 .4 5.16 3.333
127.0 -7 .61 4.000 127.1 -1 .13 4.000 127.1 5.16 3.367
127.7 -7 .6 6 4.033 127.8 -1 .1 4 4.033 127.8 5.15 3.400
128.4 -7 .7 1 4.067 128.5 -1 .15 4.067 128.5 5.15 3.433
129.1 -7 .75 4.100 129.2 -1 .16 4.100 129.2 5.14 3 .467
129.8 -7 .8 0 4.133 129.9 -1 .1 7 4.133 129.9 5.13 3.500
130.5 -7 .8 5 4.167 130.6 -1 .1 8 4.167 130 .6 5.13 3 .533
131.1 -7 .90 4.200 131.2 -1 .18 4.200 131.3 5.13 3.567
Step 1: Round o f f  
P y r o l y s i s
a l l  tem pera tu res  to  
Char
nea res t d eg re e
Blank
Temp Power Time Temp Power Time Temp Power Time
( ° c ) ( mW) ( min) ( ° c ) ( mW) ( min) ( ° c ) ( mW) ( min)
120 -7 .2 0 3 .667 120 -1 .0 4 3.667 120 5.18 3.033
121 -7 .2 4 3.700 121 -1 .05 3.700 121 5.18 3.067
121 -7 .28 3.733 122 -1 .06 3.733 122 5.18 3.100
122 -7 .33 3.767 122 -1 .08 3.767 122 5.18 3.133
123 -7 .3 7 3.800 123 -1 .08 3.800 123 5.17 3.16 7
124 -7 .4 1 3.833 124 - 1.10 3 .833 124 5.17 3.200
124 -7 .4 5 3.867 124 -1 .10 3.867 124 5.17 3.233
125 -7 .4 9 3.900 125 - 1.12 3.900 125 5.16 3.267
126 -7 .5 2 3.933 126 - 1.12 3.903 126 5.16 3.300
126 -7 .5 7 3.967 126 -1 .1 3 3.967 126 5.16 3.333
127 -7 .6 1 4.000 127 -1 .1 3 4.000 127 5.16 3.367
128 -7 .6 6 4.033 128 -1 .1 4 4.033 128 5.15 3.400
128 -7 .7 1 4.067 128 -1 .1 5 4.067 128 5.15 3.433
129 -7 .75 4.100 129 -1 .1 6 4.100 129 5.14 3 .467
130 -7 .8 0 4.133 130 -1 .17 4.133 130 5.13 3.500
130 -7 .8 5 4.167 131 -1 .18 4.167 131 5.13 3.533
131 -7 .90 4.200 131 -1 .18 4.200 131 5.13 3.567
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Step 2: D iscard  second data  t r i p l e t  i f  n ecessa ry  a t  each 
temperature and d i s c a r d  time v a lu e s  in char and b lank data 
s e ts
P y r o l y s i s Char Blank
Temp Power Time Temp Power Temp Power
(°cT ( mW) ( min) (°c) ( mW) ( °C ) (mW)
120 -7 .2 0 3 .667 120 -1 .0 4 120 5.18
121 -7 .2 4 3.700 121 -1 .05 121 5.18
122 -7 .33 3.767 122 -1 .06 122 5.18
123 -7 .3 7 3.800 123 -1 .0 8 123 5.17
124 -7 .41 3.833 124 - 1.10 124 5.17
125 -7 .4 9 3.900 125 - 1.12 125 5.16
126 -7 .5 2 3.933 126 - 1.12 126 5.16
127 -7 .6 1 4.000 127 -1 .1 3 127 5.16
128 -7 .6 6 4.033 128 -1 .1 4 128 5.15
129 -7 .7 5 4.100 129 -1 .16 129 5.14
130 -7 .8 0 4.133 130 -1 .1 7 130 5.13
131 -7 .9 0 4.200 131 -1 .18 131 5.13
Step 3 : S u b tra c t ion o f  b a s e l i n e  data from char■ and p y r o l y
s i s  da ta
P y r o l y s i s Char
Temp Power Time Temp Power
(°c) ( mW) ( min) (°c) ( mW)
120 -12 .38 3.667 120 - 6.22
121 -12.42 3.7 00 121 -6 .23
122 -12.51 3.767 122 -6 .2 4
123 -12 .54 3.800 123 -6 .2 5
124 -12 .58 3.833 124 -6 .2 7
125 -12 .65 3.900 125 -6 .2 8
126 - 12.68 3.933 126 -6 .2 8
127 -12 .77 4.000 127 -6 .2 9
128 -12 .81 4.033 128 -6 .2 9
129 -1 2 .8 9 4.100 129 -6 .3 0
130 -12 .93 4.133 130 -6 .3 0
131 -13.03 4.200 131 -6.31
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Step 4: Adjustment o f  p y r o l y s i s  and char data  to  b a s i s  o f  
10 mg i n i t i a l  mass
p y r o l y s i s  mW=(1 0 .0 / 1 0 .4 0 )x p r e v io u s  r ead in g  
char mW=(10/6.96) x p r e v io u s  r ead in g
P y r o l y s i s  Char
Temp Power Time Temp Power
( °C ) ( mW) ( min) ( ° c ) ( mW)
120 -11 .90 3 .667 120 -8 .9 4
121 -11 .94 3.700 121 -8 .95
122 -12.03 3.767 122 -8 .97
123 -12 .06 3.8 00 123 -8 .9 8
124 - 12.10 3 .833 124 -9 .0 1
125 -12 .16 3.900 125 -9 .0 2
126 -12 .19 3.933 126 -9 .0 2
127 -12 .28 4.000 127 -9 .0 4
128 -12 .32 4.033 128 -9 .0 4
129 -12 .39 4.100 129 -9 .0 5
130 -12 .43 4.133 130 -9 .0 5
131 -12.53 4.200 131 -9 .07
Step 5: Adjustment o f  P y r o l y s i s  da ta  by TGA data  so mW 
read in g  co rresponds  t o  10 mg a t  e v e r y  temperature
p y r o l y s i s  mW = P re v io u s  va lu e/  TGA f r a c t i o n  de term ined  from 
eq u a t ion s
P y r o l y s i s  Char
Temp Power Time Temp Power
( °C ) ( mW) ( min) ( ° c ) ( mW)
120 -12 .14 3.667 120 -8 .9 4
121 -12.18 3.700 121 -8 .95
122 -12.28 3.767 122 -8 .97
123 -12 .31 3.800 123 -8 .9 8
124 -12 .35 3.833 124' -9 .01
125 -12 .41 3.900 125 -9 .0 2
126 -12 .44 3.933 126 -9 .0 2
127 -12 .53 4.000 127 -9 .0 4
128 -12 .57 4.033 128 -9 .0 4
129 -1 2 .6 4 4.100 129 -9 .0 5
130 - 12.68 4.133 130 -9 .0 5
131 -12 .79 4.200 131 -9 .07
136
Step 6 : S u b tra c t ion  o f  char da ta  from p y r o l y s i s  data  
P y r o l y s i s
Temp Power Time
( °C ) (mW) ( min)
120 -3 .2 0 3.667
121 -3 .23 3.7 00
122 -3 .31 3.767
123 -3 .3 3 3.800
124 -3 .3 4 3.833
125 -3 .4 9 3.900
126 -3 .4 2 3.933
127 -3 .4 9 4.000
128 -3 .53 4.033
129 -3 .5 9 4.100
130 -3 .6 3 4.133
131 -3 .7 2 4.200
Step 7: M u l t i p l i c a t i o n  o f  mW v a lu e  by  c e l l  c a l i b r a t i o n  
c o e f f i c i e n t
mW = p r e v io u s  v a lu e  x c o e f f i c i e n t  determ ined  from d eve lop ed  
equa t ions
P y r o l y s i s
Temp Power Time
( ° c ) ( mW) ( min)
120 -2 .8 2 3 .667
121 -2 .85 3.700
122 -2 .92 3.767
123 -2 .9 3 3 .800
124 -2 .9 4 3 .833
125 -2 .9 9 3.900
126 -3 .01 3.933
127 -3 .0 7 4.000
128 -3 .11 4.033
129 -3 .16 4.100
130 -3 .2 0 4.133
131 -3 .28 4.200
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Step 8 : Readjustment o f  power r e ad in g s  back to  o r i g i n a l  
mass b a s i s  us ing  TGA data
mW = p r e v io u s  v a lu e  x TGA f r a c t i o n  as de term ined  from equa- 
t  ion
P y r o l y s i s
Temp Power Time
( °c) ( mW) ( min)
120 -2 .7 6 3.667
121 -2 .7 9 3.700
122 - 2.86 3 .767
123 -2 .8 7 3.800
124 - 2.88 3.833
125 -2 .9 3 3.900
126 -2 .9 5 3.933
127 -3 .0 1 4.000
128 -3 .0 5 4.033
129 -3 .1 0 4.100
130 -3 .1 4 4.133
131 -3 .21 4.200
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Main c a l c u l a t i o n s  from program 'T G A f i t '
Example o f  p rocedure  f o r  e x p re s s in g  TGA f r a c t i o n  as a func­
t i o n  o f  tempera ture
PERC=TGA f r a c t i o n
T=Absolute  temperature/100 
T2=T squared 
T8=T t o  the  8th
LOGTEM=Natural l o g  o f  a b s o lu te  temperature 
SQRTTEMP=Square-root o f  a b s o lu te  temperature
Data has been inpu tted
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE PERG
STEP 1 VARIABLE LOGTEM ENTERED R SQUARE=0.9 5081211 C (P )  = 
3395.188065
DF SUM OF 
SQUARES
MEAN SQUARE F PROB >F
REGRESSION 1 0.72096997 0.72096997 657.23 0.0001
ERROR 34 0.03729758 0.00109699
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I  SS F PROB >F
Y - IN T
LOGTEM
3.83984929
-0.45650193 0.01780676 0.72096997 657.23 0.0001
THE ABOVE MODEL IS  THE BEST 1 VARIABLE MODEL FOUND.
STEP 2 VARIABLE T4 ENTERED R SQUARE=0.98548032 C (P )=
981.664992
DF SUM OF MEAN SQUARE F PROB> F
SQUARES
REGRESSION 2 0.74725775 0.37362888 1119 .89 0.0001
ERROR 33 0 .01100980 0.00033363
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I  SS F PROB> F
Y - IN T 4.58177754
T4 0.00000310 0.00000035 0.026 28778 78.79 0.0001
LOGTEM -0.57125445 0.01623446 0.41309411 1238.18 0.0001
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STEP 2 LOGTEM REPLACED BY SQRTTEMP R SQUARE=0.98555741 
C (P )=  976.29420113
DF SUM OF MEAN SQUARE F PROB>F
SQUARES
REGRESSION 2 0.74731620 0.37365810 1125.95 0.0001
ERROR 33 0 .01095135 0.00033186
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I SS F PROB>
Y - IN T  1.97761471
T4 0.00000481 0.00000039 0.05090121 153.38 0.0001
SQRTTEMP-O.04292713 0.00121662 0.41315256 1244.96 0.0001
















B VALUE STD ERROR TYPE I I  SS F PROB >F





THE ABOVE MODEL IS  THE BEST 2 VARIABLE MODEL FOUND.














B VALUE STD ERROR TYPE I I  SS F PROB>F
Y - IN T  2.16392398 
T 3 0.00012418 





















SUM OF MEAN SQUARE F PROB>F
SQUARES
0.75127070 0.25042357 1145.31 0.0001
0.00699685 0.00021865
0.75826756
B VALUE STD ERROR TYPE I I  SS F PROB>F



























F PROB> F 
1158.35 0.0001
B VALUE STD ERROR TYPE I I  SS F PROB >F
Y - IN T  1.29220129











STEP 3 T3 REPLACED BY T4 R SQUARE=0.99095511 C (P )=
602.20661167
DF SUM OF MEAN SQUARE F PROB> F
SQUARES
REGRESSION 3 0.75140911 0. 25046970 1168 .64 0 .0001
ERROR 32 0.00685845 0. 00021433
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I SS F PROB>F
Y - IN T 1.24275450
T 2 ■0.01016751 0.00044051 0.11417953 532.74 0.0001
T4 0.00005151 0.00000362 0 .04336588 20 2.3 4 0.0001
T 6 0.00000008 0.00000001 0 .02269353 105.88 0.0001
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STEP 3 T 6 REPLACED BY T5 R SQUARE=0.99109111 C (P )=
592.73085606








B VALUE STD ERROR TYPE I I  SS F PROB >F




















THE ABOVE MODEL IS  THE BEST 3 VARIABLE MODEL FOUND.











F PROB >F 
904.88 0.0001
B VALUE STD ERROR TYPE I I  SS F PROB>F
Y - IN T  0.04474849 
T 2 -0.01516482 
T4 0.00010971 


















STEP 4 T 5 REPLACED BY SQRTTEMP R SQUARE=0.99434172 C (P )  = 
368.24285027









B VALUE STD ERROR TYPE I I  SS F PROB>F
Y - IN T  -26.93607246 
T2 0.02853960 
T4 -0.00002395 



















STEP 4 T4 REPLACED BY T1 R SQUARE=0.99577628 C (P )=
268.28984662
DF SUM OF1 MEAN SQUARE F PROB>F
SQUARES
REGRESSION 4 0.75506484 0.18876621 1827 .12 0 .0001
ERROR 31 0.00320271 0.00010331
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I  SS F PROB> F
Y - IN T 84.34865897
T 1 5 .44513160 0.73746942 0.00563229 54.52 0 .0001
T2 -0.04210943 0.00633514 0.00456460 44.18 0.0001
SQRTTEMP -4.58399678 0.60067846 0.00601673 58.24 0.0001
LOGTEM 26.01711340 3.394 0.00606788 58.7 3 0 .0001
THE ABOVE MODEL IS  THE1 BEST 4 VARIABLE MODEL FOUND
STEP 5 VARIABLE T3 ENTERED 
83.46965442















B VALUE STD ERROR TYPE I I  SS F PROB>F
Y- IN T  
T 1
353.86506337 
36.52484681 4.32753119 0.00277718 71.24 .0001
T2 -0.59997120 0.07734770 0.00234570 60.17 .0001
T3 0 .00765720 0.00106033 0.00203314 52.15 .0001
SQRTTEMP -24.44627262 2.77506378 0.00302543 77.60 .0001
LOGTEM 117.93613030 12.89816302 0.00325946 83.61 .0001
THE ABOVE MODEL IS  THE BEST 5 VARIABLE MODEL FOUND.
STEP 6 VARIABLE T8 ENTERED R SQUARE=0.99848714 C (P )=
83.40945259
DF SUM OF MEAN SQUARE F PROB> F
SQUARES
REGRESSION 6 0.75712040 0.12618673 3189.99 0.0001
ERROR 29 0.00114716 0.00003956
TOTAL 35 0.75826756
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B VALUE STD ERROR TYPE I I  SS F PROB> F
Y - IN T  - 440.22444327
T 1 48.99185687 17.12367369 0.00032380 8.19 0.0078
T2 -0.87353206 0.37162141 0.00021856 5.53 0.0258
T3 0.01242736 0.00642544 0.00014797 3.74 0.0629
T 8 - 0.00000000 0.00000000 0.00002242 0.57 0.4576
SQRTTEMP-31.73900159 10 .08196506 0.00039203 9.91 0.0038
LOGTEM 149.04638235 43.31710298 0.00046833 11 .84 0.0018
STEP 6 LOGTEM REPLACED BY T7 R SQUARE=0.99884097 C (P )=
58.75571067
DF SUM OF 
SQUARES
MEAN SQUARE F PROB >F
REGRESSION 6 0.75738870 0.12623145 4165.33 0.0001
ERROR 29 0.00087885 0.00003031
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I  SS F PROB>F
Y - IN T  -54.39148130
T 1 24.02649798 2.97022565 0 .00198299 65 .43
T2 1.15023570 0.15562307 0.00165556 54.63
T3 -0.03419193 0 .00507986 0.00137297 45.30
T 7 0.00000014 0.00000003 0 .00073663 24.31
T 8 - 0.00000001 0.00000000 0.00065438 21.59
SQRTTEMP 6.75476210 0.80496507 0.00213395 70.42
0.0001 
0 .0001 




STEP 6 SQRTTEMP REPLACED BY T5 R SQUARE=0.99909998 C (P )=
40.70940852
DF SUM OF 
SQUARES
MEAN SQUARE F PROB>F
REGRESSION 6 0.75758510 0.12626418 5365 .41 0 .0001
ERROR 29 0.00068246 0.00002353
TOTAL 35 0.75826756
B VALUE STD ERROR TYPE I I  SS F PROB>F
Y - IN T -6.66288715
T 1 4.42116009 0.36166458 0.00351672 149.44 0.0001
T 2 -0.89994937 0.07594007 0.00330500 140.44 0.0001
T 3 0.06965545 0 .00621138 0.00295945 125.76 0.0001
T 5 -0.00022410 0 .00002252 0.00233034 99.02 0.0001
T 7 0.00000084 0.00000009 0.00188637 80.16 0.0001
T8 -0.00000003 0.00000000 0.00172311 73.22 0 .0001
THE ABOVE MODEL IS  THE BEST 6 VARIABLE MODEL FOUND.
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STEP 7 VARIABLE LOGTEM ENTERED R SQUARE=0.99918027 C (P )=
37.11495405
DF SUM OF 
SQUARES















STD ERROR TYPE I I  SS F





























THE ABOVE MODEL IS  THE BEST 7 VARIABLE MODEL FOUND.
NO FURTHER IMPROVEMENT IN  R-SQUARE IS  POSSIBLE.
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Main C a l c u la t i o n s  from Program ' In t e g  '
Temperatures and TGA f r a c t i o n s  have  been inpu tted
NON-LINEAR LEAST SQUARES GRID SEARCH DEPENDENT VARIABLE V
EO SIG VS RESIDUAL SS
4 . 5000E+04 
4.5000E+04 
4 . 5000E+04 
4 . 5000E+04 
5 . 0000E+04 
5 .0000E+04 
5 . 0000E+04 
5 . 0000E+04
9.0000E+03 
9 . 0000E+03 
1 .0000E+04 
1 .0000E+04 















2.9 57 29427E-01 
8.29407 28 6E-02 
1 .1551906 IE-01 
7.8915 2590E-02 
1 .08885776E-01
NON-LINEAR LEAST SQUARES ITERATIVE PHASE
DEPENDENT VARIABLE: V METHOD: MARQUARDT
ITERATION EO SIG VS RESIDUAL SS
0 5 .00000E+04 1 .00000E+04 3 .80000E-01 7 .8915259E-02
1 5 . 54489E+04 1 .1 8 149E+04 3 .8628 2E-01 1 .4 7 19669E-02
2 5 . 66941E+04 1.24687E+04 3 . 99166E-01 1 .192013I E - 02
3 5 .69147E+04 1 .28229E+04 4 . 0 1801E-01 1 .1785373E-02
4 5 .69888E+04 1.28 923E+04 4.02413E-01 1 .1776705E-02
5 5.7 0042E+04 1.29132E+04 4 .02557E-01 1.177620 2E-02
6 5 . 70083E+04 1 .29176E+04 4 .02591E-01 1 .1776124E-02
7 5.7 0092E+04 1 .29187E+04 4.02599E-01 1 . 1776118E-02
8 5.7 0092E+04 1.29187E+04 4.0 2599E-01 1 .0 17 76 H E -  02
9 5 . 70092E+04 1.29187E+04 4 .0 2599E-01 1 .0177611E-02
10 5.7 0092E+04 1 .29187E+04 4.02599E-01 1 .0177611E-02
11 5.7 0092E+04 1 .29187E+04 4.02599E-01 1 .017 76 H E -  02
12 5.7 0092E+04 1 .29187E+04 4.02599E-01 1 .0177611E-02
13 5.7 0092E+04 1.29187E+04 4.02599E-01 1 .0177611E-02
14 5.7 0092E+04 1 .29187E+04 4.0  2599E-01 1 .017 76 H E -  02
15 5.7 0092E+04 1 . 29187E+04 4.02599E-01 1 .0 17 76 H E -  02
NOTE: CONVERGENCE CRITERION MET.
NON-LINEAR LEAST SQUARES SUMMARY STATISTICS DEPENDENT
VARIABLE V
SOURCE DF SUM OF SQUARES MEAN SQUARE
REGRESSION 3 3 . 17801188E+00 1 .05933729E+00
RESIDUAL 33 1 .17761152E-02 3.56851975E-04
UNCORRECTED TOTAL 36 3.18 978800E+00
(CORRECTED TOTAL) 35 7 .58 26 7556E-01
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ESTIMATE ASYMPTOTIC ASYMPTOTIC 95 %
STD. ERROR CONFIDENCE INTERVAL
LOWER UPPER
EO 5.7 009 22E+04 5 .666086E+02 5 .5 8 5645E+04 5 .8 16 19 9E+04
SIG 1 .291876E+04 7 .547038E+02 1 .138331E+04 1.445420E+04
VS 4.025998E-01 6 .054876E-03 3.9028H E - 01 4.14918 4E-01
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